


N O T I C E  

T H I S  D O C U M - E N T  H A S  B E E N  R E P R O D U C E D  

F R O M  T H E  B E S T  C O P Y  F U R N I S H E D  US B Y  

T H E  S P O N S O R I N G  A G E N C Y .  A L T H O U G H  I T  

I S  R E C O G N I Z E D  T H A T  C E R T A I N  P O R T I O N S  

A R E  I L L E G I B L E ,  I T  I S  B E I N G  R E L E A S E D  

I N  T H E  I N T E R E S T  O F  M A K I N G  A V A I L A B L E  

A S  M U C H  I N F O R M A T I O N  A S  P O S S I B L E .  

1 



NAT IOlTAlL ADVISORY COPdMITTEZ 3'02. A~RONAU'I ' ICS 

TECH31 CAL 170. 733 

AE80DYIUMfC PRIXCZBLES 01 THE DIRECT LIFT1 

By E a r t i n  Schrenk 

S Urn.d 

The purpose  o f  t h i s  r e p o r t  i s  t o  make tl ie complicated 
p rocesses  on t h e  d i r e  i f  t prop el. 1 e r  amenable 
s i s  and observa t ion .  s i s  accomplished by p l  
p h y s i c a l  phenomena, s t a r t i n g  w i t h  t h e  mos t  elementary proc- 
o s s ,  i n  t h e  foreground,  whi le  l i m i t i n g  t h o  mathematical  
treatment t o  t h e  m o s t  e s s e n t i a l  i n  view o f  t h o  fundamental 
d e f e c t s  o f  t h e  theorems. Cor ip r i son  w i t h  niodcl oxpcriments 
supplements an& c o r r o b o r a t e s  t h o  t h e o r e t i c a l  resu l t s ,  

INTRODUCTION 

Anong t h e  va r ious  r o t a t i n g  a i r f o i l  systems,** t h e  auto- 
g i r o ,  i n  s p i t e  of being the  m o s t  r e c e n t  a r r i v a l  i n  t h e  se- 
r i e s ,  has been t h e  f i rs t  t o  r e c e i v e  gene ra l  r ecogn i t ion ,  

*(!Die acrodynamischen Grundlage-n d e r  Tragschraube." Z * l ? * M e ,  
Audllst 14, 1933, pp. 413-419; August 28, 1933, ppp. 449-454; 
and September 14, 1933, pp. 473-481. 
**As t o  t h e  types  o f  r o t a r y  a i r f o i l  systems, t h e  f o l l  
d e f i n i t i o n s  a r e  used. Any a i r c r a f t  w i t h  r o t a t i n g  a i r  
f o r  producing l i f t  - i n  cont  d i s t i n c t i o n  t o  a i  
" f ixed"  wing systems - f a l l s  i n t o  t h i s  c l a s s .  
t hey  may be d iv ided  t o  t h r e e  d i f fe re i i t  c a t e g o r i  

a i r f o i l s  r o t a t i n g  su t a i l t i a l l y  a'oout a v e r t  
i s ,  the a i r  f l o w s  upward through t h e  p rope l1  

1) kutog&j.C: Ai1 ai r a f t  having ooe o s  m o r  

a i r c r a f t  h a v i  
r o t a t i n g  abo 

tha t  i s ,  t h  

e coined iqr D r .  3ohrbach):  A 
a s.;sten o f  j i r f o i l s  r o t a t i  

hick: can  bs :mde t o  r o t a t e  f 
t h e  r e l a t i v e  mind bc dr ivon  f r o m  tiic a i r c r a f t .  
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A.C.A. {ethnical it 

thanks t o  t h e  succes e l a  Cierv  

Admittedly , Glaue 

and Lock and Towaend ( r e f e r  
r e s u l t s  o f  e l a b o r a t e  e x p e r i  
t h e s e  r e p o r t s ,  i n v a l u a b l e  as they a r e ,  f a i l  t o  e s t a b l i s h  a 

bstwegq theorg:and,  m o d e l . t e s t .  I n  i 
e ldy  f o r  p r  
ions-and,  re  

u t i o n  and t h e .  r y  . does  not..-pq 

&ose  dP,*he p r e s e n t  r e i b r t .  
( I  . 6 s  data to:any.-'oCher f a r m ,  . , , - * ,  I 

+.I .II ' . . I  . . , .  - * ,  

t o  remQlga t l ~ & e -  
o b j e c t i o n a b l s  f e a t u r e s .  TLe road t h o r e t o  leads through a 
v e r y  much reduced mathematical t reatmeil t  which r e v e a l s  t h e  
p h y s i c a l  a s p e c t  mc i i  b e t t o r ,  than * a t t a i n e d  h e r a t o f o r e ,  Ow- 
i n g  t o  the complexity o f  t h e  a i r  f l o w  c o q o s a d  o f  t i p  and 
fo rward  speed,  t ogo the r  w i t h  t h o  f l a p p i n g  motion o f  t h o  

. bZpdcs o f  C4.its 
a t  no clear o p t % ~ o . . . c ~ ~  be o'J;rtB,inad u n l ~ s . $  t 
onontgry bsi!: notiorss.=aro,~put forward. f i r s t  an 

t h o  e f f e c t  of  t h e  a d d i t i o n a l  p rocesses  i s  sup imposed afm 
, .  t orward. 
' . ' 

. 8 ,  >: 
a .  - I. , I  

$ 2 8  

I h e r e  a r e  t w o  nethods o f  :anaXyzing the a u t o g i r o  ' ( ana l -  
t o  d r i v i n g  p r o p e l l e r s ) :  
a t  the  i n d l v i d u a l  blade;  t h e  othbr, .comprising the"  

t o t a l  f l o w . '  The l a t t e r  may. 6 based on t lze .Prandt1 ai+- 
f o i l  t heo r2  and yields t h e  % 

one, . r e f e r r i n g '  t o  t h e  $roc- 

e ,  the f l a p p i n s  mot ion  a n  
b l e  s i r q 1 f f i c a t i Q n ' -  a n  i o r  -Tinit va2u.o f o r  

f low loss. 



.. . .  

ca2 manner, f o r  

S 

tho dosignor a yardstick for cvaluaBfag 
mothods and t h e  attainable l 5 m f f B .  

A complemeoCaZ s e c t i o n  .br%.eS BE3 i n  
meats, strength problems; and t.he p 'at es 
of at tack, 

\ 

,,. So t at. f ap 

Other than the symbols proposed by the subcorn 
of t h e  FALU and pn'blisk;ted i n  Z.F.%, (Ze i t sobr i fL  f 
tecbrtik und MotorluftschPffahrtZ no, 22, 1932, the 
ing are oag2oyed. 

DirneksLblab' 'blades: 

-' F, ,.disk: aroa 6 2  autogiro. - 

. .  

' .  , 

B, radius o f  autogiro, 
7 .  ) '  . 

.. .. . 
. .  

r, radius of blade element. 

t, chord of blade. 

m, naight of blade p ~ r  u n i t  loagthr 

J, inor t t ta  momont- of. bla'do al>oul bfugO* 

z, iiun6cr of blades .  

0 ,  surface deasity, or s o l  
r = R. I - 

. /  ? . I  . .  
. a  
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F o r c e s :  

&, a i r  f o r c e  ( g e n e r a l ) .  

f o r c e )  o f  a u t o g i r o .  

n g e n t i a l  f o r c e  ( i n  p l a n e  of 

M ,  moment of  1. 

Ms, moment o f  S. 

k,, thrust  c o e f f i c i e n t  

s ----> ( i den t  i o a l  
P2 F 2 

( c s v  r e s u l t a n t  f o r c e  c o e f f i c i e n t , *  
t o  . c r  on a i r p l a n e  wing) . 

Eo t ion: 

u, t i p  speed ( a t  r = R ) .  

'18, a x i a l  v e l o c i t y  (due  t o  p e r m e a b i l i t y  of  a u t o g i r o ) ,  

w ,  induced d e f l e c t i o n  v e l o c i t y  a t  t h e  locus  o f  t h e  pro- 
p e l l e r .  

c 6  r e s u l t a n t  a i r - f l , o w  v e l o c i t y  a t  blade element ( c x  and 
cy components) . 

w ,  r o t a t i o n a l  speed, 

X, t ip -speed  r a t i o  ~ - C ~ ~ - - ~ )  

ha, c o e f f i c i e n t  o f  a x i a l  f l o w  p). 
Angles:  

as a n g l e  o f  a t t a c k  o f  normal p l a n e ,  
-----.-------L ____-__l_._lI_cI___I_I_____--.--I__----_ --e-------- 

*Iu p r o p e l l e r  theory  cs i s  t h e  l o a d  f a c t o r ,  but s i n c e  it 
assumes lzere t n e  role of  t h e  r e s u l t a n t  f ce  cocff i c i e n t  
a t  t h e  a i r f o i l ,  i t  is c a l l e d  such,  t o  d i f f e r e n t i a t e  i t  f r o m  
t h e  thrust  c o e f f i c i e n t  ks. 



. .  . -  
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9, b lade  a n g l e  ( i n c i d e n c e  o f  1 

Cp, a n g l e  o f  f l o w  'lade re  

p l a n e )  

v, t u r n i n g  ang le  o f  blade ( z e r o  p o s i t i o n  a f t ) .  . . f  .. . . 
' f l a p p i n g  angle  ( r e l a t i v e  t o  normal p l a n e ) .  

. 1 ,. 
- .  " .  . * .  Cons tant . 'values  : 

. .  1 c y  coe'f-fic'ient o f  f low, 

K, c o e f f i c i e n t  o f  nonun i fo rmi t i  loss. 
.. 1 , ?  r -  , 2. 

. 1,' .. . _  ~ .. 'c 

Y', cornparatiye f a c t o r  for dynamic s imi l i tude  

1, geometr ica l  cons t an t s .  
J ? ?  

Subsc r ip t  s : 
I (  

p ,  b l ade  9 r o f i l e  (caT9 % 9  c 2 ) o  

rs t k e  toy  windsli l l  o f  hi 
i n g  windmill ,  I t  i s  w 

ess tnvolved. Pi 
o f  an a u t o g i r o ,  w 

p l a u o  i s  at  r i g l i t ' a n g  



6 3T.A.C.A. Technica l  Hemorandurn No. 133 
* .  

. .  . .  . - .  . . . .? ' . .  . 
* . t .  ' 

. ,. . '. 

. .  . .. . .. . '' . ' .. 1,': 4 9 I:,. 5 3 
P ha = E 

V a  ,,'-I , 
The a x i a l  f l o w  c o e f f i c i e n t  d - -- is t u r s  

i d e n t i c a l  w i t h  t i p - s p e e d  . ra tdo  h-.= s and becbrnes SO m i x h  

sma l l e r  as %ha l i f t / d r a g  r a t i o ,  of t h e  p r o f i l e  i s  b q t t e h  I 

U 

U 

. I  

ITOW, how nus t  t h e  blade  be s e t  t o  ipsxr 
p o s s i b l e  thrust  under any given  a x i a l  v e l o c i  

. .  , '. 
* .  It i s  

d S z P Cap 2 u t d r = E  2 cap  Vq Xd t dr 

o r  

I n  o t h e r  w o r d s ,  w i t h  constan6 ' 'vd * t h e  thrus't 'depends 
oii t h e  wall-known p r o f i l o  c h a r a c t e r i s t i c  ( c r i t e r i o n  o f  

t '  
I .  ' . .. 

cl imb) ca3/cV2. X I  

S i n e s  t h e  l i f t  o f  t h o  prof i le ) : ; -  . i s  com,pos 
The a n g l e  o f  a t t a c k  o f  t h e  p r o f i l e  

f i g u r e  1, o f  t h e  a n g l e  o f  f l o w  C p ( =  Ad) and t h e  f i x e d  
blade i nc idence  9. Thus (11,l) g i v e s  

e ,  a n g l e  '% "is B 
that the- cho lce  of 
&e Bame t ime os4ab 

ont  Cap, m h k h  the r o t a t i n g  b 
ng .steady , a t t i t u b  indcpcndent :  of-. Z h k  loadiag.  ' 

Equat ion (IS,3) l cnds  i t s c l f  v e r y  r e a d i l y  t o  g raphic  



e 

angle. The o lcacn ta ry  windmil a c c e l o r a t  ad a t  Et11 an- 
gLcs between p o i n t s  2 and 2; a i n t  1 i t  has i t s  s toaay ,  

ing a t t i t u d o ,  de- . . .  

This decresso  o f  r e v o l u t i o n  upon oxcecding il s ta ted  
o p e r a t i n g  a n g l e  o f  t h e  b l a d  '2s t y p i c a l  o f  t h e  autorota- 
t i on .  The process  i s  ana lo  o u s  t o  t h e  concept o f  s p i  
ning  insafar as t h e  r o t a t i o n  ir, both  cases  m u s t  be in .  
a t e d  by an o u t s i d e  impukse; ,.but f o r  e r e s t ,  i t  i s  n 
t h e  o t h e r ,  s i u c e  t l i e r e ' i s '  no angt~e  :o a'ctack beyond the  

l i f t  on  t h e  a u t o r o t a t i n g  e l 0  n t a r y  windmil-1 
. .  

---L2L conetau t  _____l_________l--- a x i a l  v o ~ o c i b , -  -- ~ r z  passgpg 
t h e  w h o l e  p r o p e l l e r , ; w e  must f i  

thereby  ti:e f Pow gondgt ions  
, s tead-of  choosing t h e  habi tua4  r e c t  
i o a r d i n a t  i n g  a r b i t r a r i l y  a c e r t a i n  
?%a2 v e l o c i t y ,  w e  a t tempt  t q  f i n d  a 
p 1 e : d i s t r i b u t i o n  o f  X i i t  cooff ic i ien 
S ~ D C % ,  a e c o r & i n g . t s  the, : foregoing,  tho  quality q f  
s.u&tant thrust i s  eo 

i t  is a d v i s a h l e  t o  choo 



W.A.C.A. Technical  Memorandum fJo. 733 , . .  .. .' .-. 
8 

I .  

" ,  

v .  i ng  is o b t a i  &<With ca = cons 
choosing chord t conforrnad1y"to 

c g .  ' 1  ..a 

a .  . " .  I .  

1 , t N - .  
T 

, .  
.. 

' --- d E N 2 2  t ' w r .  
. d r  ; - .  

-Admittedly; tSfs equat ion  leads  t o .  f o r m s . ' f b r  whieh _ -  
blade  chord i n c r e a s e s  t o  m on t h e  a x i s ;  b e s i d e s ,  t h e  
de a n g l e s . d e v i a t e  s o  nuch'from t h e  p r o p e l l e r  plaBe i n  
" v i c i n i t y  of t h e  a x i s ,  tha.t c i s  no longe r  dscis5yP.e 

- ~ h r  t h e  Local ly  produced thrust  pCcoscp . i s  no 1ong:er.;G*, 
O n  %lis o t h e r  ha'nd, t h e  pawpor.%fLon o f  t h e  b lade  neaT t h e  

"-Ii&b t o  t h e  thrust  produxwd i s  s o  small ( n o t  oxceading 2 . to  
"-3  percent  T a r  a p r o p e l l e r  QP f i g u r e  3), as t o  be safely 

negle-cted,  e s p e c i a l l y '  as t h e  a x i a l  flow in t h e  propcll.es 
c e h t e r  i s ,  apa-rt f r o m  t h a t ,  d i s t u r b e d  by t h e  more Les s 
large hub, 

, I  

.' The decrement o f  t h e  thrust a t  t h e  boundary can a 
be summarily d i s r ega rded  f o r ,  as seen  d i r e c t l y ,  t h e  fl 
coeTfi 'c ient  o f  the- a i r  pas s ing  through i s  unuaua 
t h e  Sndiv idua l  p r o p e l l e r  s u r f a c e s  thus follow ea 
very c l o s e l y .  

--------------------i______ Thrus$. and a x i a l  f l o w  coeff i'c e.- In  coni;''& 
the elementary autogir,o,  t h e  rcasul t a i r  f o r c e  L ( f i g ,  
4) on t h e  d i f f e r e n t  p a r t s  o f  the  b l a d e  of t h e  s t e a d i l y  
a u h z o t a t i n g  prope;tler i s  nom no l onge r  pe rpend icu la r  t o  
the p l ane  of r o t a t i o n ,  but s l o p e s  forward in the  disec,%fon 
o f . . r o t a t i o n  a-t t h e  i n s i d e  elements and backward at the out -  

elements.  . Thus, -%Lose on t h e  > i n s i d e  a c t  i n .  a prp-$61- 
le& ,manner, t hose  on the  o u t s i d e ,  a r e  p rope l l eq ; '  s~na 

.where between l i e s  a b l ade  p o r t i o n  which s t i l l  c o m e s  

. t o  t h e  s imple  elementary cone-eption. 

I n  the.  m o s t  imPortant .p ,ar t  o f  .the blade t h e  a n g l e  
(p - EP) ( f i g .  4) i s  a p p a r e n t l y  of t'fie o rder  of..., 
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ment be exgressed w 
P '- d S d A C O S  = 2 cap 

t i t h  c o s  Cp = 1,. we t ' .  
. . >  

.-. . * .  
According t o  t h e  preceding. chap te r ,  t h e  wing chord 

a t  p o i a t  r i s  

and t h e  thrust  o f  z b lades  

LasstJy. .  w e  p a t , .  
' . ( I I ,5 )  

. .  
= s o l i d i t y ,  at- i.s,, t h e  r a t i o  of t h e  z rec- 
minimum chord t imes r a d i u s  t o .  p r o p e l l e r  d i  
hen t h e .  thrust i s .  

where' t h e  thrust coeff i c  r r e d  t o  t i p  speed i s  
e '  
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. .  .. ' 
>> tb .r2'& t d... ,, ... .'> 

- - I --..-- ....----- ( e a  s i n  CP - cwp C O S  C P ) ~  2 
. . .  

-, ' 

The d i v i s i o n  of  t h e  b r a c k e t s  by cos2 CP and by cos CP = 1 .. : L , 4 . . _. t o g e t h e r  w i t h  equat ton  (IX,4)., y.f.s3.ds I -  

))'I : ' I  ' 
whi le  (11,'5) ' g i v e s '  t h e  moment a t  

* . : . _  '. , and by p u t t i n g  ha = 0 ,  . .  . I _ .  

a =. 2 E  3-% p. .  ( I L m  
________.___ -.- ". 

T h i s  f o r m u l a  s t a t e s  t h a t  t h e  o u t s i d e  1 / 3 , , o f  t h e  pro-.  
ge l? .e r  i s  d r i v e n  by t h e  i p s i d e  2/3. 
f'bPmuZa (10)  conformably t o  f i gu re '  2; t h e  ang le  o f  a t t a c k  
a r e f e r r e d  t o  a s t a t e d  inc idence  8 can be obta ined  f o r  
t>ed s e l e c t e a  'prof-;ile', 
t reme ' rad ius  B ,  but t o  'point r = Z . R .  ' Yk&bre 5 shovs 

I t  3 
t h e  va lues  f o r  t h e  Gott ingen a i r f o i l  429. 

When p lo t ' t i ng  t h i s  

.. aut.  the  va lues**& t16aj a p p ~ y  t 

' , * k c i a l  I- ---I-- v e l o c i e y  _----- .--...-I_ vd*G l!!om, formulas (II,6) and (I1,lO) 
w o u l d  y i e l d  t h e  a x i a l  v e l d c i t y  v.d ats f u n c t i o n  o f  SUT- 

f a c e  l oad ing  S/F ,  t h e  s u r f a c e  d e n s i t y  a and t h e  aero- 
dynamtik k h a r n c t k r i B t i e . ' ,  B u t  w e  pr 'e fe r  t o  f o l l t o t v  a d i f f e r -  
en t  r o u t o  which b r ings  t h e  phys ica l  a s p e c t  of t h e  axial 
veloc$ty  i n t o  b e t t e r  r e l i e f r i  

> I :  . 
From a g lance  a t  f i g u r e  -4, i t  becomes apparent  that 

t h e  conponeats o f  t h e  l i f t i n g  f o r c e s  a g a i n s t  t h e  p r o f i l e  
o t a t i o p .  Vithout  %his  d r a g  t he  r o -  
r b i t r n r i I y .  'Nay.. the ,  pope.r.;necessa- 
i;te d p g  I : L Z Z S ~ ,  t , e  prodpged- $orn,eho~~;:.. 

51 by tile qus?mtttg f a i r  v i  F p a s s i  
t ,  pg.f;it;$y$..prep-sqr 



.. . 
t 

F .. .' . 

and t h e  p o w e r  o f  the profile drag  a t  

' _ . .  . 
I . , .  

I n s e r t i n g  Vd from ( I I , ~ o )  and equat ing t h e  whole t o  
t h e  power S vd o f  t h e  p a s s i n g  a i r ,  g ives :  

Whence t h e  a x i a l  v e l o c i t y :  [iizy c 3  
aP 

2 
'%p - -1---1- ----- -------- 

i s  simply a k i a d  of a x i a l  flow 
* 

, : ,7' ,: , . .  . .  ... F ' > . : :  b. . - ' . 
-1. ', 1 . .. ' .  

. .  . , . .. , . . . .  . 
t .  . I . (.'. i' . . : .. . . . ' 

_.._-- 

V d  = J ;+E 2 

Vd 

formula: . . 

. (IIJ.2) 
. .  

t I L 1 2 )  

Tile a u t o r o t a t i u  pronel le l : , ,can be considered as a c i r -  
a k i p d  of 'dia$hragm, through mh 

s at pressure' S/F.: B u t  o w i n g  t o  t h e  r 
ance  ex i s t i r i g  i n  t h e  s e c t i a n  o n l y  t h e  c-fOld* mass' 
t:1roq t h e  raass p yd F p e r  second, corre- 

. . .  



. .  S / F * .  !l?h 
e p r o p e l l e  

and t h e  %ore tldensel'  
t h a t  t h e  p r o f i l e  char  l i m i t s  for 
cap3/cap2; p r a c t i c a l  reasons  prev 
menti o f  0. . . .  . .<  I . . : , ' . A  *I 

L a s t l y ,  t h e  t i p  speed i s  gb ta ined  f r o m  (II,11) and . T*,. .. . _  I I .  . ~ 3.. . 
: p  

( I I , ~ o )  a t  

* .  
The g r e a t e r  .o- can is; th&'.smalls& [ ($I,12) i s ,  t h e  

more Itdensell t h e  p r o p e l l e r ,  but s o  mu&- l o d e s  
speed,  . .. .. . . . - 

AUTOGIRO OF LOW TJP-SPEED RATXO 
.. . 

z.- I ,I. 
. . - . -. . . . . .. . , 

.. . , .. . .. 
. - . _  * . . : ,  ' 

Born we s h a l l  see'%-d what e x t e h t  t h e  j u s t  

t h e  t i p  

evolved f o r -  
mulas for tlie a u t o r o t h t i n g  p r o p e l l e r  nay be u t i l i z e d  on 
t h e  a u t o g i r o  i n  l e v e l  

Mecb-3@@%29f: l-if"..*-: 3ii.f.t that $s,  -9, : f g p C @  ,tr%W.sveree 
t o  t h e  a i r  f l o w ,  i s  always t h e  r e s u l t  o f  s t ream d e f l e c t i o n .  

t h e  locug o f  t h e  1i.f.i;- g e n e r a t r i x  i n  t h e  u s u a l  cases  
, e r e in  i t  can be reprei$ei ted by--bae s i n g l e  l i f t i n g  vor- 

t e x ,  t h i s  d e f l e c t i o n  has' p r e c i s e l y  reached one half of i t s  
E ina l  amount. The l a t t e r  i s  r e a d i l y  compute,d f o r .  
d i s t r i b u t i o n  f r o m  t h e  l i f t ,  o r ,  more rigorou's'ly, f 
r e s u l t a n t  a i r  load  L, P r a a d t l f s  a i r f o i l  t heo ry  g ives  
.'t'kie. a a g l e  of d e f l e c t i o n  a i  
t h e  wing a t  ,. 

o f -  t h e  flow at  t h e  locus of  

t :  . 0 
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le a i  ,does . I  n o t  

t h e r  be r 

g e n e r a l l y  s u f f i c e  t o  produ 

c 

* 

. . . \  . f . .  . . 
j These' P a c t s - a q e  o f  themselves w e l l  known. They a re  

ye..as a remi 8r inciden.ta1 t o .  t h e  trail- 
s i t i o n  t o  t h e  l i f t i a g  p r o p e l l e  . t  ) .  

.- I Qne 'can  no l o n g e r  speak o f  a p,rof 
t h e  l i f t i n g  p r o p e l l o r  as a wizolo as t p i  

c3ysten, because tho  p r o c e s s  of  l i f t  p roduc t ion  occurs  at  
t h e  i n d i v i d u a l  blada clcraents, Eat. i t a  p l a c e  I s  t aken  by 

.:.. ' A u t o g i r o  t ip -seecd .  r a t i o  approaching _I-. zerom-  When on 

o t h e r  a d d i t i o n a l  a p g l e ,  . t h e  angle  o f ' f l o m  ad ( f i g .  6 ) .  
. a  

--_------- 
t h e  a u t o g i r o  exposed a t  sriiall a n g l e  t o  t h e  a i r  s t ream ( f i g .  
6 ) ,  t h e  a i r  f o r c e s  are a p p l i e d  a t  t h e  i n d i v i d u a l  b lade ,  
thB'. asymmetry i n  magnitude acd d i r e c t i o n  o f  t h e  r e s u l t a n t  
f l o w  a t  t h e  advancing and r e t r e a t i n g  B l a d e  l e a d s  t o  q u i t e  
conp l i ca t ed  forroulas s o  Pong as t h e  a i r - s t r eam v e l o c i t y  i s  
o f  t h e  sane  o r d e r  o f  magnitude as t h e  t a a g e n t i a l  v e l o c i t y .  
One ' i s  t hen  tempted t o  s t r i k a o u t  inconvenient  terms dur- 

- 2 "  i n k  the  c a l c u l a t i o n ,  w i t h o u t  f u l l y  r 'ealizi  t h e  e f f e c t  o f  
sucli .prooodure - a danger which Glaue r t .  (r erence  1) l i k e -  
wise d i d  not avoid. 

On t h e  o t h e r  hand, t h e  ma t t e r  becomes immediately 
-more. s i m p l i f i e d  and. amenable- t o  .survey when l i m i t e d  t o  t h e  
a t ' t i t n d e  o f  ve ry  low t ip-speed-  r a t i o :  

(111921 

y assuming t h e  f o r s a r d  speed v a 
d t o  t ip ,  speed si. Then t h e  e f f  
l a d e  forc.c's i-s .mi t iga t ed  nnd t h e  tan- 

e n t i a 1  v e l o c i t y  r o i s  t e r i o a  i l z  f i r s t  ap- 
romipation.* I n  t k i s  am c t r y  of  t h e  flow on 

"idathenat i c a l l y  t h i s  I s  cqu-iv i n  broad  o.slCli 2 11 
o a i s s i o n  of  ( v  c o s  a)' i n  c q-aared sua  ' ( r '~13 0.5 
a)" t , which then  Sccomcs r2 

*. 
. .  . k .  ._ 
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t h e  l i f t i n g  p r o p e l l e r  i i - r e i s t a b l i s b e d  and t l ie app 
t i o n  then  y i e l d s  t h e  sane  formula as f o r  t h e  autor 
propel le r . ,  i n  . a x i a l ,  Slow ( s e e  s.sct ipnllfhe Autor 

' : m i l & , * i  p&ge 5 ) ,  which can be employed f o r t h w i t  

&us apply  t h e  p i ' c tu  , o f  t h e  slig 
di'gk, OD which t h e  a , because o f ,  

v 4 ,  throjlgh t h e  p r o p e l l e r  d- 
5a-kntain a u t o r o t a t i o n , '  tb t h e  case  o f  o b l i  a i r  s t ream 
a l s o .  The aforementioned flow a n g l e  ad 
accord ing  t o  f i g u r e  6 ,  ~~ f r o m  t h e  forward v e l o c i t y  v C O S  cx 

I. a&i'tXe axi*a$ ir l o ~ i t ' y  V,d a s '  t emporar i ly '  assumed cons t an t  
f i g u r e  f o r  t h e  
gle of d e f l e c t i o n  a i*  

.. s,-&~e f l o v s  at 

h o l e  c i r c u l a r  s u r f a c e  p r e c i s e l y  as t h e  an- 

o _ f _ _ t - ~ e . _ ! _ ? , d _ ~ ~ ~ ! ~ - ~ ~ ~ o ~ i ~ ~ ~ -  In  co e c- 
, an tfideaL1' l i f t i n g  p r o p e l l e r  i s  a 
speed r a t i o  approaching zero;  t h a t  
e e d  Which, i n  addi t ior r ,  as u3.e re.- 
' shape manife 'sts  cons t an t  a x i a l  ve- 

c r o s s  +he , e n t i r p  s e c t i o n  ( l a n c e t  shape). This can 
?esse.&, by, a s i m p l e  theo ry '  of t h e  resu- I tan t  

.. f o r c e  c o e f f i c i e b t  

( 1 1 ~ 3 )  
S - 

_ .  - '------ 
P_ v2 F . .  2 

'ia tcrr js  o ck, w i t h  t h e  simpW' assumpl'ionz ' t h a t  
+?le t o t a l  lie a t  r igh t  ang1.e ti0 * t h e  p l a n e  o f  
r o t & t  i o i l ,  Taxi' o f  t h e  rjlxis.of ~ o t a t i ~ n .  . .  

ccord ing  t o  u r e  6 ,  

V'd - w  "a 
--A =. 't .+ u (II'I,4) 

' Under t h e  t empora r i ly  .accepted assumption ( a s  made by 
Glauer t  ( r e f e r e n c e  1) ani! j ock  ( r e f e r e n c e  2)), t h a t  t h e  in- 
duced f l o w  a t  t h e  lac-as:of %he wing i s  p l a n e  and has' t&e 
i n c l i n a t i o n  a i  (.XIX,l) kaown f r o m  P r a n d t l f s  theory  of t h e  
l l f t i n g  v o r t e x ,  s q u a t i o a  (II1,3) y i e l d s :  

v- 

I 

. .  . .  . . ~ . . ,  .- . . I  . ... . 
.:. , . . \.: . 

. .. 
v d -  I- - [J., 
V 
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According t o  t h i s  f b e  induc t ion  II l o s s e s  i n c r e a s e  m i  
c s ,  t h e  a x i a l  f l o w  l o g s e k ‘ i r i t h  J c g .  Tea shall  came b 
t o  this l a t e r .  . 1  : ‘~ 

L a s t l y ,  formula (111,7) *--. g i v e s ,  a f t e r  r e s o l v i n g  t h e  
squ&,ea equa t ion  i n  ’ ,,/-cs, t h e  r -b iu l tah t  forts coe f f i -  
cie-at 9 .  

_-__-I__- 

cs’.= 4 (J 52 + s i n  a .. [l2 . (111,s) 
_________I-_ __-_------- - -.-- --- 

A f t e r  t h e  remark made inc ide i l t a l  t o  ( I L , 8 ) ,  
’. 

h e r e  axso becauae.of t h e  symmetry of t h e  S - --e- .... 

3 s  . ,  ks P .j2 
2 .  

. f l o v ,  In prac t ice , .  t h i s  means t h a t ,  w i t h  g iven  f o r m  o f  r o -  
t a t i n g  b l ade ,  t he  t i p  speed i s  only  dependent on s u r f a c e  
load ing  and a i r  d e n s i t y  (a,.$ i s ’ t h e  case  i n  c l o s e  approxi- 
mation on a c t u a l l y  b u i l t  a u t o g i r o s ) ,  

Com-r ja r i sop  v i t h  moii_el .experiments.- The on ly  model. 

rence  3).  Th’e p a r t  of  t h e  t e s t s  r e f e r r e d  t o  here’  
i n s  t o  model b l ades  o f  l O 8 O  ~il ( 6  f t , )  d iameter ,  of 

expe r inen i s  which by n a t u r e  and scope a r e  a c c e p t a b l e  % o r  
comparison w i t h  t h e  theo ry ,  a r e  t h o s e  o f  Lock and Tovnend 

wood,, cons t an t  chord o f  1 3  (5.36 i n , ) ,  wi thout  t w i s t ,  
equ iva len t  t o  a s u r f a c e  de 
.vas tes te .d  up t o  roximate1.y 20 an h- y o g  

IT = 0,29? The modal 

e r  ang le s  v e r  b l e  i n  . .. t h e  Duplex Y 

*The geometr ica l  a s p e c t  o f  

t h e  blade chord a t  t h e  t i p  i s  t 2 e  same i n  39th cases .  

o i s  n o t ’ t h e  samo f o r  t h e  lan- 
as f o r  t h e  r e c t a n g u l a r  blade.  Only t h e  r e l a t i o n  w i t h  
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4.2 m ( 7  by 14 f t . )  s e c t i a n  w i t h o u t  i u t r o d  
e r r o r s .  A t  a t i p  speed o f  arouna 6 5 * m / s  
p r o f t l e  c h a r a c t e r i s t i c ,  01% .t$e @ & r t i c u l a r  radizis 
fn' f a i r  acco rd  w i t h  th'e normal ' c h a r a c t e r i s t i c  of 
t i i igep  p r o f i l e  neasurements. 

c t i o n  429. o f  0.10 t h i c k n e s s  r a t i o ,  

u r e s  are. perhaps a ' l ' i t t l e  higher tkian '1n t h e  G o t t i  
measurements. Sut i n  s p i t e  o f  t h e s e  minor l i m i t a t i o n s ,  t h a  
measurements a r e  rne.11 *. . su i t  f o r  coxpar i san  w i t h  t h e  theo- 

O f  course ,  i t  i s  not  suamari ly  p o s s i b l e  t o  e f f e c t  snch 
c om@% r i s  on* T !G$ h -the 1 an  c e -fi - slzap ed ' p &a'n 9 0-rm us e d h e r e t  0 f 0 r e 
ln .the aiialsmis,.: A t ,  what value shall we-put  (7  

The sbzape w a s  t h e  symmctri- 

h'$.<cE-,er- t r a i l i . n g  edge',' s o  that  f h e  - 

%y', - 
, 

So me f i r s t  assume t h e  fo r iu l a  expressed i n  (XII,7) 
IXS49). t.0 be t r n e ,  io@., that t B i s  equat ipn.  i p t e r p r e t s  

the-.Yf'trrm> o he cs(a) c'1zrve co.rrectly:. T h i s  assumption 
i s  l e g i t i n a t e  because t h e  nonuniformity o f  t h e  a i r  f l o w  

i s r e g a r d e d  i n  t h e  d e r i v a t i o n ,  whi le  being ab le  t o  a f f e c t  
.e: r%.irection, c a n ~ o t  ,-- 'bowqyer, i n f l n e n c e  %he amount o f  t h e  
s u l t a n t  thrust  S very  s u b s t a n t i a l l y .  

I .  

T h e r d a r e  we -deternifne 3:; t r 9 a l  o r  i n s e r t i d n  :of an ex- 
. c o e f f i c i e n t  o.$ a x i a l  .air f l o w  f a t  
'curve i s  i n  c l o s e s t  agreepent  w i t h  

t h e  t e s t  p o i n t s .  Ffgurc 7 shows t h e  r e s u l t  f o r  b l ade  an- 
-. €18. a:-= 2 ~.0;**. e '  model was. msagured at. .t.;42il+x aqgle* €.or 

the. &blader  6 = 0.19) and tha 2-blader .; (pa,= 0-.095) . 
a& o gi r .a . graph , s h o w s  tha t  t h e  t r e n d  o,f2 t h e  curv-cc as. 
m o l 1  as t h e  t h e o r e t i c a l l y  s t i pu la t ed :  r e l a t i o n .  I: 6,. 5 s  
f u l f i l l e d  f o r  [(IX,12). Koreovor, t h i s  acco 
onxy f o r  iow. O.ig+speeid + t i 0  
h ighes t  h -recarded (hl =f 0,5 t o , 0 , 6 ) ,  

( g r e a t  cs) :  . 

... 
Prom t h i s  *one i s  l e d  %o i n f e r .  t:krat cer t ,a ' in .premises  

s e t  n B . i n  the' pracexl i sg-sec t ion  have .been. ecmfirmed. l r r  . 
f.a'cf;, 'Lock  and T.ownaind . ( , reference 3) ce;irclude f r o m  t h e  ex- 
aot>%extrapold,t i .cm f o r  yary ing  b1ade:nzlmbers t h a t ,  t h e  as- 

i u p t i o p  r e l a t i v e  t o  t h e  inc l ina t2oP;  -and 
, the Sliikqead f j e l d  o f  fl'oow: i s  

h e r e i n a f t e r ,  t o  what e x t e n t  .. t h i s  . , . .  a c t u a l l y  . . h o l d s  _. . I  - t r u e .  

*f : * f l o w  and f o r c e s  
,- 

----11-- _c___I__" ________-____ ~ _Î _̂__ .-I-_..-.- -.-. ---.- --e- ----.------- ---------- -- 
*T%e B r L t i s h  t e x t  gi.ves l e r e t o ,  cs - - 2 L, f i+ €2. 
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-gyaded. I n  r e a - l i t y ,  however; t-his.6ccurp's only when 8 = 0 ,  
because t h e n  

1 cdp = Cp - cons tan t  -, r. 

t h a t  i s ,  t h e  l i f t  i n c r e a s e s  as a r e s u l t  i n  i n v e r s e  r a t i o  
' t o  the radius. A s  9 .  increases , .  $he ouOsid-e thrust  r i s e s  
fa.stsr than  on t h e  i n s i d e ;  t h a t  i s ,  t h e  f l o w  at, t h e  pro-  
file i s  -more s t r o n g l y  d e f l e c t e d  on t h e  o u t s i d e  and t h e  
axial. ve loc i ty '  i s  thereby  reduced a g a i n s t  thaO on t h  

va = f ( r )  without  i nc lud ing  t h e  mut-ual i n t e r f e r e n c e ,  and 
such c a l c u l a t i o n s  m o u l d  .exceed t h e  bounds..of t h i s  r e p o r t ;  
&Ithough t h i s  a b s t r a c t  u n c e r t a i n t y  w a s  one o f  t h e  very 
reasons  wh!.ch le.& t o  t h e  p r o p e l l e r  o f  cons tan t  a x i a l  ve- 
l o c i t y  used  a t  t h e  beignning o f  t h e  r e p o r t .  

p r e d i c t i o q  whatsoever ,  about t h e  r e c  ukar b lade  I 

p l a u s i b l e  'assumption i s  necessary ,  a 

s ide .  No p r e d i c t i o n  ca'i? be made a h o u t  t h e  actual  t r  f 

O n  t h e  o t h e r  hanif, ill o r d e r ' t o  

1 Glauer t  (reference I) t h a t  vd is 

Then t h e  thrust equat ion  i s  as be fo re  
. . .  

r2 w 2  t d r .  
P 

d S = 2 Cap 

Herein 
Cap = c l a p  c ~ p  

s .  
Va = 8 + C p , =  9 3. -- 
X W  

. .  
. consequent2y, 
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" .  * ,*,,...' . - . .  
-1  .: ., .. : . , . . . . .  .... ,., . . 

L.. . ,.. .. 2, ..I .;. .-: - C f a p  (4 f 3) a ' .  

cap - so 
(111 , l o )  

n'uich, w i t h  ( I1 ,5 )  g i v e s  t h e  thrust  o f  z blades  at  

:R , 

P 
2 

and 
U = z J  r d T = - o R u 2 F  

\ > I  

0 

I *  

< *  .p 9 3. 1 ha c.jap - 1 cwp] . , I l f f , 1 3 )  2 

W P f L  r 9  14 = 0,- one o b t a i i i s  t h e  equa t ion  o f  d e f i u f t i o n  f o r  t h e  
coeffFB.oient o f  axial f l o w  

L--* _I_-_ --I-- ---- ----- - .  " .  . * .  . .  
/ .  . .  

Q l a u e r t  ( r e f e r e n c e  1) o b t a i n s  t h e  sane forzula by reducillg 

so~zis., but wherein t h e  p h y s i c a l  meaning o f  t h i s  r edue t - im .  I 
i s . r i o t  f o r t h w i t h  recognizable .  Tnen Be puts clap " 8 6 ,  sal- 
though i t  should be f o r  t h e  ambit  o f  %he mod-el 
exporinent  s. Then 

e n e r a l  equat ions  (A g r e a t )  fro21 mathematical  'rea- 

C'ap - - 5.6 

-11_ 

= 1 (Ff 0.8 cv - 9) hd 3 
( I I I , l 5 )  

N o w  cmp 
s t a n t  v a l u e ,  because cap raiiges: through all p o s s i b l e  
va lues  a c r o s s  the radigs, and cnp i s  definitely not in- 
dependent o f  C a ,  espe c i a l l y  on. synmet r i ca l  B r o f  i l e s .  
Even though t h e  ~ - , ? t c c - I i n l f  o f  t h e  blade d e f i n e s  t h r u s t  and 
torque s r e p o n d e r a t o l y ,  and cwr, s t i P Z  remains sensib152 
c.oiistant, m e  n e v e r t h e l e s s ,  i u t roduce ,  f o r  puqose i i  af more 
exact  i n v e s t i g a t i o n ,  a p a r a b o l i c  re1at ioi is l i ip  
o f  t h e  f o r m  

should  not  be summarily assumed t o  have a C'DTZ- ' 

c W ~  = f ( c a p )  
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and w r i t e  i t  i n  (II1,12) f o r  t h e  force .  The e l -  
ementary, a l b e i t  somewhat t ed ious  i o n  l e a d s ,  af- 
tex- i hcousequen t i a l  QmSssions, .  - to  t he  -equat ion  o f  d e f i  
t i o n  . I  

t 

" I  * ,  . . - 1  

-- C o z a r i s o n  _l-_-ll_-____I_--__̂_ o f  r ec t angu la r -b l ade  --- ----- -- p r o p e l l e r  m i t h  t h e  
gmdel exper&g_e_nts.- Y r o m  t h e s e  deduced r e l a t i o n s  for S 
and hp t h e  cqnnect iqn be,tween c s  and 01 could be es- 
t a h l i i h e d '  i n  t h e  same' w&' a s  pr.ei 'iously f o r '  t h e  " i d e a l "  
p r o p e i l e r  , but' er i .su,b& f o r m u l a  would be r .a ther  comp,l.i- 

I 'cabed'Tor '  a ' t h e  o f '  t3e' a i rqt  .order.  'For  t h i s  reason 
we sha l l  proceed i n  a d i f fdr ' en t  d i r e c t i o n  'which, 'at t h e  
sane t i n e  b r i n g s  o u t  t h e  connect ion petmeen t h e  two  blade 
f o r m s .  

.. . . . , '  ' .. . 

r '  ne p ; c t ~ p o ~ e '  o f  .the' i n v d s t i g a t i o n  i s  t o  a s c e r t a i n  t he  

s t a t e d  dimensbans, vhich co'rrcbponds t o  a d e f t n i t e  
Crag c o e f f i c i e n t  f o r  tile r e c t a n g u l a r  'blade prapel-  

The .concepti.on of  
a l e n t  l i f t i n g  p r o p e l l e r  y i e l d s  t h e  d e s i r e d  coanec- 

ana  + SJS * a r a  ' 

f i g i i r e  o f  m e r i t ,  .accor&ing . t y ,  ffgure 7. 

eat + e q i a l  ' pos i t+ ive :p res su re ,  tha t  is; svd 
"Equivalontl! 'obviods ly  means:' equal a x k a l  v e l  

equal, B u t  - i t  does no t  s i g n i f y  the same h.a, .b@cause t h e  
r o t a t i v e  speed may %e a l t o g e t i i e r : , d i f f e r e n t  bx 'equal pepme- 
a b i l i t y ,  accord ing  t o  , t h e  blaite f o r m .  - 

, r. . .  
I , 6 )  and ( I I I . , l l ) ,  i n  con junc t ion  w i t h  u = -- Ad' 

S = P ,  cap cs F Vd2 = , z . c , ' a p  P 0 F ,  va2 3 e.+.-%-, ha\ . .  
s . .  , . * .  '.. ,,.' 4 %  

- ,  4 
' 2  , .. . I . .. 

. I  
.. 

The l e f t -hand  s i d e  e s  f o r  t h e  l a n c e t  b lade ,  t h e  right;-hand 
s i d e  f o r  t h e  r e c t e n g n l a r  -s?.atle, 
t i o n ,  S ,  F ,  and vd a r e  equal  aad cance l  o u t ,  b u t  0 and 
Xd a r e  not  equal.  hd and c V  mast be s u b s t i t u t e d  on 
t h e  le f t -hand  s i d e ,  accord ing  t o  (11,lO). Then 

I n  accord  m i t h  t h e  assuap- 
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( I f I J 7 )  

. .  ~-----------------_- .,  I . 
' This Bquation g ives  [ a s . f u n c t i o n  04 0, caP, 9 and 

hd f o r  t h e  r ec t angu la r -b l ade '  p r o p e l l e r  ( h d  f r o m  equa- 
t i o n  ( I I I , 1 5 )  o r  e l s e  = f ( f : ) .  

bes t -  e f f e c t e d  by defin:ing -kd 

. . (  P 

The >e%alka t ion  of p a r a b o l i c  profi$e> drag pola . rs  i s  
~ 5 t h  asskmed values of 

' and .B ~ f s o m ~ ~ I I I . , l G ) ,  fol lowed by i n s e r t i o n  i n  
I * .  

$ha 'nuqer ' ical  i n t e r p r e t a t i o n  i s  based on t h e  4-blade 
mod-el w i t h  4 ' 2  l,So, which gave f: 55 0,178.. ( f i g .  7 ) .  
W i t h  t h i s  f i g u r e ,  equa t ion  ( I I I , 1 7  and 14) g i v e s  the ,con-  
s t a n t , ; p r o f i l e  Qrag c o e f f i c i e n t  . I I .. ' ,  

00 cvp = '1.65; - .  
I ,  

r I  . .  
, I  

Fut t he  a n t S c i p q t e d  .f i p r e  
p o l a r  o f  * the .  p ro f i ze ,  . G o t t i  
gaPd to ' .  ' the thiclqened 'tr& 

mal le r  9 manif{qL,et a s-t i  

1.0;. accord ing  t o  t h e  
g . .  83', hhnvifi'g re- 

e models wi th  

. I  .. 
X o w ,  one coula a-ssume t h a i  ''the*:-'i ement o f .  p r o f i l e  

rag w i t h  re d radius be ' r e spons ib  f o r  tii3s discrep-  
ncy.. WWe.i;h iq ,vie.Fp i s *  correct, 

b i n i n g  (111, d (111,17) .  . By szit 
6 b t a l h  f o r  5 = 0.178, f o r  i n s t a n c e ,  t h e  p r o f f l e  p o l a r s  
100 cmp = 1.3 $. 2.4-ca ,  s;hoWil i n  figure 8. S o  t h e  dis-  . ,  
crepancy o f  c . cannot be expla3ned i n  t h i s  manner, a t  
least+* WP 

. 1 :  
. *  

- .  .................... ------------- 
Zs"of  tilura5 'fo9mnI.a c ~ p y  ( r e f e r -  

ence 1) bg 50 pcr'cs an h a r d l y ' b c  cons ide red .  an. expedi- 
en t  a ' L  . .  



. -  

A s  s o o n  as t h e  forward speed v c o s  a ceases  t o  be 
a g a i n s t  t h e  speed r w o f  t h e  o u t e r  b l a d e  elements 

c i r c l e  o f  r o t a t i o n ,  t h e  %lad-& thrust  on e i t h e r  
8 Iuedian p l a n e  of-  t h e  a u t o g i r o  d i f f e r s  consider-  

a.bly.'.and iaduces  a r o l l i n g  mornelit which i n c r e a s e s  as t h e  
t f p s p e e d  ratio.  The i n c i p i o n t  r o t a t i o n  a b o n t  t h i s  a x i s  

e2 causes, .  so long  as t h e  b l a d e s  a r e  f-lxed a t  t h o  
moment as a r e s u l t  .o f*  gyroscopic  c6upling. 

L a  Cierva  had some exper ience  w i t h  these d i s a g r e e a b l e  
\ -  : '  i . 

and dangerous moments i n  h i s  f i r s t  f l i g h t  t e s t s  i n  1922 
( . r e f e 2 e ~ ~ c e l 4 ) ,  and that gave  hiIll t h e  dea o f  h ing ing  t h e  
blz:ded,* . f h i s  has  proved so sat'isfa a r y  that  almost a13 
a u t o g i r o s  b u i l t  sinco have hinged bT. e s .  For t h i s  r eason ,  
we shal l  Z i , m i t  t h e  i n v e s t i g a t i o n  t o  t h i s  design,  espec ia l -  
l y  sinc'e it cim be proved taat t h e  case  of a v a r i a b l o  
b lado  a n g l e  i s ' i d e n t i c a l  with i t  as '  soon as t h e  axes  a re  
c o r r e c t l y  chosen, 

The h inged  autogiro; o b t a i n s  i t s  r i g i d i t y  simply through 
the cen ngaL' f o r c e s  of t h e  blades.  Because. o f  t h e  equi- 
Ekbrium thrust and c e n t r i f u g a l  f o r c e ,  t h e  b lade  
when revolv%ng d $flat  coning envelope. The-unsymm 
t h e  air ' f o r c e s  a f f e c k s  tkrd-'s*hape d positton of t 
and t h i s  i n  turnamodif i6s .  t h e  sp& a1 adgl& o f  a i r  s 
o f  t h e  blades. 

i n  t h e  Wilford gg e 
cord ing  t o  t h e  p a t e n t s  of l7, 
s on e i t h e r  s i d e  re'rfgidl$ r, 

xis' sndstara 
w i t h  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  b l ades  themselvesc '  



apprec iab ly  a f f e c t e d  by t h e  i tconing motion" s o  long  as t h e  
gegeSqb$ng :cop.i.ng asgfg -doas a a t  4 P f f  exi...a;p eciabxy fr0-d.l" 
90 I n  a c t u a l  p r a c t i c e  t h e  d i f f e r e n c e  i s  r o m  8 t o  1-0~. 
I t  i s  obvious that  a t  f i r s t  i t s  e f f e c t  on t h e  c a l c u l a t i o n  
should be neglec ted .  , - .  

3 . -  
I . -  8 

: .Thia-can be achieved by g ( re ference :Z) .  tihe 
.as being  encumbered w very  much weight ,  90  t h a t  

n t r i f u g a l  f o r c e  beeomes g r e a t  compared t o  t h e  aero- 
dynamic f o r c e .  These heavy b lades  a r e  not  t o  be  subjec% 
t o  gravi.ty,* Under t h e  e f f e c t  o f  an  . a x i a l l y  symmetr2c&2 

s t ream sucb a b l a d e , w i l l  move i n  t h e  p l ane  p e q e n d i c -  
t o  t h e  a x i s  o f  r o t a t i o n ;  i t s  coning a n g l e  w i l l  be 

AS soon a s  p e r i o d i c a l l y  changing f o r c e s  begin t o  a c t  

." . . .  -.negL,igibly . s m a l l ,  - 7  

1. . 
. 

on such a system c h a r a c t o r i z e d  by weight and . d i r e c t i o n a l  
f o r c e ,  . i t  r e s u l t s  i n  o s c i l l a t i o n s .  L iebe r s  ( r e f e r e n c e  6 ) ,  
.-in .his invqestJ igat ion on  p r o p e l l e r  v i b r a t i o n s ,  proved tha t '  
t h e  n a t u r a l  f requency o f  a p r o p e l l e r  w i t h  h inged blaa 'es  i s  
e x a c t l y  equal  t o  t h e  r e v o l u t i o n  when t h e  h inges  l i e  an t h e  
a x i s  of r o t a t i o n .  And s i n c e  t h i s  i s  s o  n e a r l y  every 
c a s e ,  we s h a l l  assume i t  a l s o  i n  t h e  fol lowing.  

, .  

-.. I ~ The 'blade o s c i l l a t e s  at  i t s  xlataral  f r squency  
' the  e x c i t i n g  f o r c e  l i k e w i s e  has t h e  frequency o f  the rev- 
oluliioEs as-, i n  f ac t , ,  i s  t h e  case  wi th . the  thrust  ' 

r o m  t h e i r  connect ion w i t h  t h e '  ang le  o f  r o t  
, .  . .. -might be o f  t h e  n a t u r e  o f  harmonPcs. . 3. . 

C '  

Then the s i t u a t i o n  i s  a s  f o l l o n s :  The .@lades  l y i n g -  
on t h e  p r , i n c i p a l  p l a n e ,  i . e o ,  in f l i g h t  d 
f e st'. &q.ual mean 'aero dynamic. f o'r c 9 
t r y ,  - I '  Tb@' anci-ng b l ade  dodges 

* *  . .  
------------L------ 

. %  

----*llldd---__-_-_ 

:i -? 
t a t i o n  ii ' necessp.Ty ~ I e c a n w  of t h e  changinfmag- 

TSbution, o x .  t u e  .aexoaynargic f o r c e s  o n .  the 
- .  " .  . ?. I 

1. - . .. . .  
1 / .  . 



s i s  o f  th i s  g e n e r a l i z e d  motion i s  l a r g e l y  based on Glau- 
)- and 'Lock ( r e f e r e a c e  2), but with t h e  
3ying' asssampt.io'n.s',:  he blade. (bending- 

oaded w i t 4  mass rn p e r  
i l i bk ium o f  t h e  moments 
adc  s e t t i a g  $ i n  f l ap -  

- 

h;loment o f  thrust '  = jaomenD of '  centr&fu.gal f o r c e  3- m a s s  
moment o f  i ne r t : i a .  * '  

B y  i n t e g r b t i n g  tE& "rright-baa-d s i d e ,  t'he moment o f  
t h r u s t  (J = i n e r t i a  riionant o f  a ' , b l ado  about  t h e  h inge  a x i s )  
becomes: 

* .  -.( TV;2) , .  
. -  

Then , the f l a p p i n  
Po.u-rig2; +430rios. i 

s 'expanaid as' a -., 

- y 1  s i n  ( @  - cpl ) - ' -  y2 s i n  2 ($ - 9 2 )  - 
(TV, 3) ..- * 

. .  , 

T h i s  g e n e r a l  equa t ion  o f  t h e  f l a p p i n g  motion can be 
i e d  by app la ing  t h e  p r e v i o u s l y  c i t e d  
t i o n .  To begin wftkr; we r e t a i n  on 
d s o  reduce  t h e  s p a t i a l . f l a g p i q g  m 
mot io r i .  S ince ,  i n  a h d i t i o n ;  t'kre la 
t.he p l a n e  o f  r q t a t i o n  i s  ne31 

$ i s  comput-ed f r o n i  t l ie  r e a r  p o i n t  'of  tile 
formula reduces  t o  
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=,W . ' Then: 

s t  - 

cornpar'& h e  o t h e r  moments a c t i n g  a 

Ndw lis must 'b'e expressed as  f u n c t i o n  o f  t h e  khrust. 
I .' 

a - I . .  V e l o c i t i e s  ---- -T. --I--- and 4- aerodxnamic -l__-_-l_-------..-.--.- f o r c e s  a t  t h e  -----.....-I blade.- A s  i n  
tlie secti 'on .'!Autoiir'o o.f " L o w  'Fip-Speed R a t i o " ,  pag-e 12, t h e  
a i r  s t ream ( w i t h  r e s p e e t  t o  t h e  p l a n e  a t  r i g h t  ang le  t o  t h e  

tat ion ) -  -Q! h e  a u t a g i r o  a t  a n g l e  a 
i t s  compon t s  ( f i g .  . g , ) :  . 

v cos a, = h u, 
2 .  F o r w a y d  .speed,  . . .  

I!he,.f:ormard speed in''%.he nqrmal p l a n e  i s  r e so lved  for each 
$ 
( f i g .  LO) which, t o g e t h e r  n i t h  t h e  r o t a r y  motion, g ive  t h e  

Gaponeats o f  t l zc  speed  c r a l a t i v e  t o  t h e  
t a t  r i g h t  ang le  t o  t h e  blsile a x i s  

i n t o  i t s  components a l o n g  and p e r p e n d i c u l a r  t o  t h o  b lade  

(cy *.kits 
on t h e  p l a n e  througb t h e  a x i s  o f  r o t a t i o n ) ,  according t o  
f i g u c a . 1 1  tinti v i t h  8 ~2 . p 1  cos.'$ a t  ' " *  . .I 

(IV,6) 

q x , ~  c c o s  cp = r w X u s i n  $ ._ 

. . c y ,  = c s i n  CQ = ?y, u + P L  h u  cos2 .,. , . - r 

i s  t h e  comp 
t h e  Blade axi  

duced 'by '+he f l a i p i n g  

, . ,.. .. . 
'. . ' . 8. _ _  ' 
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. .  . . ** ' .  . ' .  . . 
I t  can be shown that the  e f f e c t  o f  t h i s  f 

a blade-a . -  t i o n  i s  i d  

. $1 A .& r . L  . .  

ure 9. Lock (rc 
a l l  f o r r m l a s  f o r  

t h e  t h r u s t . e  de c&s$agt  chord t 
becomes . 

a s = - P c lap  t a9 aP c 2 a :  

2 .., . 

. .  
at  cons t an t  b lade  a n g l e  9; consequent iy ,  

i . . -.., - . .  . , .. 

o r  w i t h  ( I V , 6 ) ,  wherein sin 9 
-"  = 1~ ( cx  ,= c)  : 

$1 c 2 ,  

= cp ( c y  = c 9 )  and cos cp 

3. 8 c". 

Thus t h e  thrust  couponent becomes 

a. s.*= 2 P C l a p  t d r  (.cx cy -I- 9 c2) (IY,8) 

The component o f  - t he  t a n g e n t i a l  f o r c e  i s  a s s e s s e d  i n  s i m i -  
. lar manner: I .  
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.. " I  

ng - --- angle  ,-A _--____ thrust  -2. _-__l___l___-----l-_------ and c o e f f i c i e n t  o f  axial 
---- subsequent stago o f  t h e  a n a l y s i s  is explained 
on t h e  v e r y  s i n p l e  c a l c u l a t i o n  o f  tho f l a p p i n g  a n g l e  
I.rz-...;fihssformCi$a (IV,5) for t h e  *thr,ust moment of t h o  f l  

bxprsss lis as s i n e  ser ies ,  stopping - as 
.he. f irsl; p b r i o d i c  .teTrn.. 

... . _ .  ' : 70 -. 7 s i n ' @  = $Q 
. i  

Since t h e r e  a r c  n o  p e r i o d i c  t ms. af t he  right-hand 
s i d e ,  t h o  c o e f f i c i e n t  o f  s i n  $ at t h e  l e f t ,  must become 
n u l l .  A n d  $1 i s  t h e r e f o r e  o'kttainod by t - r r i t ing t h e  i n t e -  
gral f o r  f r o i n  (IV,1) with t h e  a i d  o f  (IT, 6,7, and 8 )  
ax,$ pa$ t 5. ng e sum otf t h e  terms w i t h  s i n  JI equal t o  zero 
afteJc""in'tefTrating. The r e s u l t  i s :  

S i m i l a r l y ,  the t o t a l "  thrust  is :  . .  

and t h e  c o e f f i c i e n t  of a x i a l  flow h d  (by  p u t t i n g  the'mo- 
men% = 0) froil l  t h e  sens9b lg  symmetrical forclula i s  

These are Lockts formulas. 

Col;lnay&gog-w_&~~i rnodel-- .e~~el .~~e-r?- t -s . -  This t i m e  t h e  
comparison i s  made u n l i k e  t ha t  in tile s e c t i o n  "The A u t o -  
rotating VindrnilllI, page 5. The t e s t  data f o r  Iss* i n  

* F r o m  L a  a f t e r  e x t r a p o l a t i o n :  
_--I_ 

ks = 2 S,y F+ c". 



:?.A. C.A. Technica l  Memorandum Xo. 733 27 
, I .  :. . 

b 1 -  

e l seyhe re  . .  i n  . th i s '  r e p o r t ) .  

The data shoin: i n  f i g u r e  13 a r e  not  rea ,d i ly  i h t e r p r e t -  
able, . e ' s p p c i a l ~ y  ,. as concerns ,  cWp. 90 be s u r o ,  theke  ax- 

i s  r a t h e r  r n t i o n a l ' a p p r o x i m a t i b n  t o  t h e  a n t i c  
u n c ' a t  lorn h (h igh  d), b u t ' t h o  s t e e p  r i s o  at 1 

sbo.clld, if it were r o a 1 ,  bc f o l l o n c d  B y - a  r'iso o f '  -ha 
reasons  o f  energy requirement ( e q u a t i o n  IV,15). Th-e oppo- 
s i t e  i s  t h e  case. 

. .  

Asido f r o m  t'hc v ~ . l u c s  employed' h e r e t o  
t h e  f l a p p i n g  a n g l e s ,  i.e., the'Vho1.e 

recorded  a i , t h  a s m a l l  m i r r o r  a t t a c h e d  . The f i r s t  t h i n g  u o t i c e d  m a s  tha t  th 
' m o t i o n  d i f f e r s  very l i t t l e  f r o m  a s imple 'izar 

t i o n  and tha t  t h e  l a t e r a l  i n c l i n a t i o n  o f  t h e  p l a n e  o f  -ran 
t n t i o n  d i s r ega rded  s o  far ( t h e  terms v i t h  s i n  91, i s  van- 
i s h i n g l y  smallo O f  course ,  t h i s  c l o s e  agreement i s  v a l i d  
o n l y  f o r  t h i s  p a r t i c u l a r  modcl, nliose massivo voodon 
blades arc dynamically u a l i k e  t o  a c t u a l  design. L o c k  ( r e f -  
erciico 2)  e q r o s s c s  the  r c l a t i o i i  o f  aerodynamic f o r c c  
c c n t r i f u g n l  f o r c e  by a nondimcnsionnl f a c t o r ,  

P - c lap  t R4 2 

J 

' According t o  his data on a c t u a l l y  b u i l t  a u t o g i r o s ,  

2 .  Ecncc h i s  b l a d e s  a r e  t h r e e  t o  f i v c  tiiilcs h e a v i e r  
I ~ T ?  a t  f u l l - s c a l e ,  Tliay s t r o n g l y  approach t h o  i d o a l  of 

t h c  "heavy" .blade, on which thc ca lcu ln t io i1s  of' th is  chap- 
t e r *  iLrc bbscd. 

< IV ,i4) y =  _----_---I--* 

thqs. r;ug.cs botncen 6 mid 10, nhcrcas  t he  modpl.  shows 

T O  be su re ,  as s o o n  as  t2ie corquted  amount5 of f lap-  
p i n g  aiigle P t  are compared nit11 t h e  measured va lues  (fig. 
14)  the  accord  ceases .  The computed p z  a re  o n l y  a b o u t  
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1' o j th inds  of 'th&-Beakurcd 'PI, a-lthough t h e  t r e  
$3'fesLi.s e. tZX1 -fa;ix%l.:y ' t h e  'same; and a d iscrepanc  

l a r g o  as that  ca t be expla ined  away by inaccuracy  i n  
u l a t i o u  o r  e 

---_-_-------__-_--_---_-__ C r i t i c i s m  o f  t h e  ass i i . a t ions . -  -- The very f a c t  of such 
pping.ang1e PI g o o s  t o  show that t h o  
tkc %lade h inge  producing t h e  

-could n o t  have been c o r r e c t l y  conceived. T 
r,igin,S,tes i n  t h o  f a c t  tbat t h o  a i r  s t r ikes  t 

rear, t hus  producing anglcs o f  a t t a c k  up t o  180' along t h o  
t i n g  blade p a r t l y  from t h e  , f ron t  and p a r t l y  frorn:th'cll 

- p,lpde.. . Obvisusly,  t h e  aslsurrptions c * ~ p  =? constant .  and 
n t  dczn no Ippgcr  g i v o  cvon a 
, 'in that. c'as6-,* by v i r t u e  of 
hlraown 04 t f l o w  across the  - .  

sone i dea  o'f t h e  rnag'nlt?u 
mp'uted t h e  t h r u s t  of a blade and i 

f i r s t  accord ing  t o  
~'bo~ti!ifif&i=ient s 

: ,  

r 
kin, = ks 



t h e  th rus t  

* 

moil0i:t. Consequently,  it i s  t h o  advaccing b l a d b  which 
produce's a l l  o r  n e a r l y  a l l  of thfs  d i f f e r e n c e ,  and th&k 
s u p p l i e s  t h e  exp lana t ion  f o r  t h o  discrepancy bottveen 21.16' 
a c t u a l l y  ncasurcd  and t h e  conputod anglqs , p i  

It is h a r d l y ' p o s s i b l o  t o  oxpross t l io  a c t u a l  bciiaV$b' 
of the  p r o f i l e  a n a l y t i c a x i y  by aiiy r c l a t i v c l y  s i q i o . f o ~ r  
m u l c ~ .  Graphica l  r e p r e s c a t a t i o h  w i t h  dud al*lomanco f o  
ncasured p r o f ' i l c '  cooffi i cn t ' s  r i e l d  ' gene ra l ly  a p p l f c  
r e s n l t s  b u t  o n l y  at  g r e  t i n o  a n d  iGbor: 
t i o r o  rcrJaiils 02e  a l t e r  h a t  i s ,  t o . . b r i n g '  
nattiicr-iat i c a l  iat c g r a t  t o i l  data ,ipt o r c l a t  i o n  wi th  t h e  'I in- 

' t c g ' r a l  va lues t i .  aoasurcd  o i  t h e  ~ ~ l l o l e  r o t a t i n g  ning. 
t7c o b t a i n '  w i t h ' '  $.he data 'o f  f i g u r c  14,' t h e  approxina 

I .  

Thein, 

* _  

nhero in  a w 1.5 . f o r  . 9  = 0 ,  a 1.4 f o r  8 = 1.8'. 
1- The e n u i o r a t o r  a obvfou'sly v a r i e s  very l i t t l o  

d i f f e r e n t  b lade  a n g l e s ,  but nay perhaps' bo- very s 
s i n  profile o r  : cha rac t e r i s t i c . .  . Tlie r i  "P- 
e must be s o  much. g r e a t e r  as t'ho 
d thd maxZlilum l i f t  o f  t he  . '  p r o f i l e  

T h e  thrkst o f  t h o  i n d i v i d u a l  b l ade  a t  
e . . .  

a l s o  a l i t t l e  l o n e r  t han  computed; owing t e acce lc r -  
it w i l l  equa l ly  ,bo a l i t t l e  l o v c r  

pposcd ' t o  th i s  i s - a n  i n  
bXados' lgiiig' 'ih f 1 i g h C  

e r o  t h o  s p a t i a 3  a i r  6 
. . .. 

. Y .  . :. 



sonewha t ' g re s t e r .  a.s.,@-Te$u&t o f  g r e  p i .  The ul- 
e predominating e f f e c t ,  homeyer, ea decided only 

by e l a b o r a t e  g r a p h i c a l  i n v e s t i g a t  ions.  . 
On t h e  t a n g e n t i a l  f.c?rce* and i t s  mom 

t h a . d f f f e r e n c e  i n  t r e n d  and amount i s  esp 
The profound impel l ing  moment 

n a t  $ = 270' does not e x i s t  
i ty , -  This exp la ins  why, when e v a l u a t i n g  
acco id ing  t o  (IV,l2 and 131,. cwp shams such +.marked in- 
c*rea'sk a% h i n c r e a s e s  withbut  a contemporary r i s e  of h d  
A(Tnga 13). The r o t a t i n g  power o f ,  t h e  b lade  l i f t ,  g r e a t l y  
o%eresti 'mated in t h e  c a l c u l a t i o h  o f  t h i s  p a r t  of t h e  p a t h ,  
y ' ie lds  %he apparont  cn'ergy which must bo equa l l zed  again 
'o'y cbrrospondiugly.  h ighe r  prbfi1.o drag. In  r e a l i t y ,  
s3o<l,d 'not i n c r e a s e  matesicil ly nor  should hd decroase 

=WP 

s d b s t a i l t i a l l y ,  

The re ' su l t  of' t L o s e  i n v e s t i g a t i o n s  i s  the  knowledge 
1 .  that  t h e  ma thena t i ca l  a n a l y s i s  o f  t h e  processos  on the 
. "  a u t o g i r o  o f  high t ip-speed r a t i o  is. confined vtithia corn- 
p a r a t i v e l y  narrow l f a i t s ,  which a r e  d.ue t o  t h e  'dlifficul- 
t y  o f  repro&acing t h e  'air  f o r c e  c o e f f i c i e n t s  o f  t h e  b lade  
p r o f i f i e  a n a l y t i c a l l y  c o r r e c t  and o f  accur 'a te ly  apprec i a t -  
i n g  the. f l o w  phenoroena iuvoLved at  t h e  blade; 

I n  t h o  fo l lowing  .s.ection i t  i s  shown t h a t  t h e  h i t h e r -  
t o  acdepted cons ide ra t . i o i s  thornselves a r o  i n  nood o f  cor- 
r ' ec t ion  as r ega rds  Yacir fundamental p h y s i c a l  concepts.  

THE IXDUCED ' IELD OF FLOW AlTD ITS EFFECTS 

The a i r f  o ' i l  o f  largc..-chord.,- I n  a l l  cons.idera4 ions  
t h a s  far  the  induced f l o w  had been assumcd'at  half t h e  fi- 
n a l  d e f l e c t i o n ,  i i i . acdord  w i t h  Glauer t  and L o c k  (as do- 
t a i l e d  on page 14, on '"Ilhcory o f  t h r u s t  o f  t h e  i d e a l  auto- 
g i r o . "  B u t ,  can t h i s  hypothos is  which, accord ing  t o  
Pranbtl's a i r f o i l  t heo ry ,  i s  l i m i t e d  t o  t h e  s imple  lift- 
iiig vorf;ox, a c t u a l l y  s t i l l  bo cons idorcd  h o r o  as satis- 
factory approach? . 

d e l i b c q a t  fona .  * 

I 

A i d  cxperimciat i s  h e r o  also m o ~ c  co:iviiicing than  a l l  
o v a l i d i t y  of  the c w e p t  o f  l i f t i n g  

6 -  e .  . -.-.----------I- ---___ ~ __-_ ._______. __-_ _^____ 1. ___-_____-- --_- 
' j  - z .. e 

. .  
*Actual k t  = (e, u) ( e &  s i h  cp - cw) Wi%L crnp = 0.012 

then  kt o ( r e s u l t a n t  at r i g h t  angle to 
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k. and; ,upon C O ~ V  
in accordance-with Pran 

ing ai,r, t p  the right and left 0' 

, .. . 



bo-uaded , s t r ips  w i t h  c o n s b a n  
e ,  ' t h i s  3-trgP m e t h o &  w o d ' d  6 

gain a c r i v c  
L 

. .- . . 

a p ' o s t e r t 6 r i . .  A 
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u n a l t e r e d .  And tho ramarkable r c s u l  
c a t i o n  o f  t h i s  procedure - I s  t h a t  t 
f i l c  drag coof f i c i o n t  s wi th  t h i s  subst i t u  
i n  q u i t e  c l o s e  agreement w i t h  t hosoban t i c  
f i l e  measuremonts, s o  that convcrs  
file moasuremcn.%s, roasonablc  f i g u  
t h e  l i f t i n g  p rope l l e r .*  

.&on (III,11 and 14) me obtaizl: 

ks = 0 c lap  (: + ~ ) l  
k 

-_---_._------------- J 

-- --_--__ ----------- 
( V S U  and 

id = (---E--- 
.- ?) I 10 C'ap 3 

and 

The thrus t  c o e f f i c i e n t s  k, a r e  taken  frpn f i g n r e  82 
5 t o  a = 15 ); as meaa v a l u e s  i n  tlie p e r t i n e n 5  range (a 

cIap i s ,  as be fo re ,  pu t  = 5.6. Thust we 

The amounts o f  cvT, shon t h e  a n t i c f p a t e d  

have: 

(2  b l ades )  

or$der o f  rnagni- 
tudc. F o r  more exzct comparison the p r o f i l e  l i f t  f i g u r e s  
9% nhich  t h e  va r ious  p r o p e l l e r s  o p e r a t e ,  should be taken  
i n t o  account .  Ve i n t r o d u c e ,  accord ing  t o  Glauer t  ( r e f e r -  
ence 1) a "mean" l i f t  c o e f f i c i e n t  

3 ks 
(vs3) - - 

CJ 
, . r  

- ---- 

t h a t  i s ,  the  ca a t  which a l l  B r o f i l e s  of t h e  rectangu- 
l a r  blade w o u l d  have t o ' o p e r a t e  i n  o rde r  t o  g i v  

*The 'reason f o r  t h i s ,  a t  first., a s t o n i s h i n g  r e s u l t ,  l i e s :  
probably i n  t h e  f a c t  that even at high t ip-spccd r a t i o  . 

t h e  f l o w  i s  s t i l l  sound o v e r  tile z i n j o r  p o r t i o n  o f  t h  0- 
p o l l e r  disk and that t h e  p o r t f a a s  w i t h  s epa ra t ad  f l  n- 
t r i b u t e  l i t t l c  t o  t h e  torquo,  



* .  
1 _ I  

\ .  . .  
L i t  these l i f t  f i g u r e s  our computed '*icv . ape; accor  

geii measur9,rllent s i n g l y  15  p e r c e n t  higher .  $bas ,$Ae.Gzt 
f o r  t = 0.2 rn, v = SO m/s ( f i g ,  b )  ich; as a l r e a d y  
s t a t e d ,  i s  abou t  e q u i q a l e a t .  t o  t h e  p r o f i l e  c h a r a c t e r i s t i c s  
a t  2/3 R.  This discrepsiicy e& b-e u.nqunl i f iedly explained 
by ,tho thibko::cd t r a i l i n g  odgo and t h o  probably sl ight .  
d tYfercnt  s u r f a c o  i o u g ~ n o s  8 

The t r a n s i t i o n  Yo t h e  o i s  most co:lveni. 
i e n t l y  accomplished by s u b s t i t u t i n g  %he I' i d e a l "  autogir: ,  
( s e e  page 12) f o r  t 'I subs t  i tutel l  a u t o g i r o ,  which d i f f e r s  
Pr6h' t h e  l a t t e r  on1 i n  l i s  .cOns.t;a.lrrt axia: v e l o c i t y  over 
t i e  whole p r o p e l l e r  

2 . :  The axial  f lows  c o e f f i c i e a f  cab be expressed through 
; ('Xi,?- and 20)  5q I t ems  o f  ;k, 

* Y  
. .  .. 

I -  . 
. S I  . .  

analyzed  p r o p e l l e r s  are: 

9 = O0 lo 1.8' 1.8' ( 2  b l a d e s )  



,- those compb 
t o  bo m o r e  

' .  . , . . .  ! . , . . . ' .  1 

o es tabAish  .ic 
an t h e  I' subs% i t u t s  
frSgure 6,  $hen-.. . ' a 

. .  *. . . 
r .  

c 

a 
or 

*. 
. The r e s u l t  a f - t h e  model teS'Cs- i n t e r p r e t e d  w i t h  t h i s  

f o r m u l a ,  i s  shonn i n  f i g u r e  18, Inc idor i ta l  t o  t h i s ,  i~ 
should be no ted  that :  

ai  i s  t h e  i n c l i n a t i o g  o f  t h e . i l s u b s t i t u t e t l  f l o w ,  t 
- is ,  t ha t  p l a n e  f l o w  yieldfng t h e  same.tccta1 p r o p e l l e r  
f o r c e  as t h e  a c t u a l ,  3-dimefisional curve6 f l o w .  The de- 
g r e e  o f  cu rva tu re  obviously i s  bound 'up t h  t h e  permeabil- 
i t y  of  t h e  a u t o g i r o .  

I '  

T h i s  becomes e s p e c i a l l y  c l e a 2  with the l i m i t i n g  t 
s i t i o n  (cWp+O) t o  t h e  " s o l i d "  p r o p e l l e r .  Here fio 
p a s s e s  through a t  any poi f i t .  The thrust  o f  each eleme 
o f  t h e  p r o p e l l e r  s u r f a c e  i s  gi.iPeni'twith t h e  b l ade  form a 
b lade  ang le  ana independent o f  t h e  ad jacen t  elements. 

, induced f i o m  must f o l l o w  the,pXane p r o p e l l e r  s u r f a c e ,  
Zs, be p l a n e  i t s e l f  w i t b i e r ,  range o f  t h e  p r o p e l l e r  disk 

However, . w i t h  the groming p e r m e a b i l i t y  cont inuous 
l a r g o r  masses o f  a i r  p a s s  thr-ofigh t h e  forward p a r %  0.f 
p r o p e l l e r  d i s k ,  a r e  dGfflecte61 t h e r e  and lower t h e  eff  
t i v e  a n g l e  o f  f l o w  o f  t h e  rearward l y i n g  p a r t s .  Throu  
t h i s  process t h e  f o r w a r d  p a r t  o f  t3.e p r o p e l l e r  i s ,  i n  con- 
sequence, more heav i ly  loaded ,  the r a t e  o f  d e f l e c t i o n  i s  
more r a p i d ,  a t h e  c u r v a t u r e  i n  longitudinal d i r c c t i o  
m i l l ,  as a r e  I t ,  be g r e a t e r  t han  i n  t h e  rearmost 
Tho  m a j o r  p o r t i o n  of  t h e  p r o p e l l e r  thus w i l l  ope 
cause o f  t h e s  unsymmetrical c u r v a t u r e ,  i n  a f l o w  w S 
a l r c s d y  Lncl ined at a o r c  than half  o f  t h e  u l t i m a t e  a n  
o f  d e f l o c t i  c s / 2 .  ConscquCiI t ly ,  t h e  p l a n e  substet  
f l o w  must at more than  cslf4. 

I .. 

1 .  



o miich'more C l o s e l y  
a ' .  * .  x ( 1  be- 

i .  

.,, 1 This i s  f u l & x : . s  The ..great e s  
t h e "  srsrnll'fir- 90r . . e j~h ' ' o f  'i -4 

p o i  
a s t r a igh t  lin9. 
expected,  bcli~m. th9,sp o f  th6:four-blgder .. w i t h  equal 9, 
because o f  g r e a t e r  permesb&&ity.  Adnittedly, tfiey spread 
more and a l s o  a r e  lower than  w o u l d  correspond t o  t h e  per- 
dinBrit -(. Perhaps t h e r e  a r e  bouudary," or Giocont i  
t c r f c r c n c c s  fn a c t i o n  3n account o f ' t h 0 -  small n 
blades ,  

Tho figure?. for t h e  two-bladcr '  

. .  
f cxpcriheii 

f o r  t h o  e v a l u a  i s  t l i r f i e u I t  '$0 
a i  l i n e s  a c t u a l l y  a r c  s t r a i g h t  and % 6  

tranivarso . ..c * $ Q  t b c  as say: cffoct , ,pn. .  
i$, shog$d 'pc r.crnom'& 

CP., Foi-, 'sin 
e 03 ?LJ tlic ag.reem 

thrust  o f  t h e  !realti w i t h  t h e  llsubstit;telI p 

. . p o l l  4s .A ( Q w i n F  nonuniform l i f t .  di 

h o  rnattcG b i i c ~ m , ~ ~  s 

t l y  p o o r e r .  The rea1,propelLer ,probably. still 
-f i t ,  has n o t  a l r e a d ~ '  en ou t  of s'tep-- a s l n a ~ ~  

on a t  ,a 
ivrt ai.. P 

b h o  'and t h u s  O X - ~ O ~ S Q S  O:IO fuada 
sis. '  . 

'It n o u l d ~ t & c s o f u r e  s 
fui purposo t o  oxpress t i ios conformably t o  f i g -  
u r e  18 i p  ua 
model c x p c r i  

a -  

devia t in ,g  forns. 

assuncd a s o n i c i r c u l a r  flow curva tu ro  nkich ensiles when w 
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i s  allowed t o  increaseeeve  r d  d i r e c t i o n  f r o m  0. 
t o  i t s  u l t imate  va lue  v . H e  f i n d s  
l y  exaggerated c u r v a t u r e  does not  a f f e c t  t h  
when compared w&th’.the ’ f i g u r e s  f o r  p l a n e  f l o  
n a t i o n  amounts t o  C g / 4 e  That such symmo 
l a r  f l o w  i s  impbss ib le  by ‘ v i r t u e  o f  t h e  i 
f o r v a r d  par t  o f  t’ne p r o p e l l e r  on t h e  r e a r  

p rpo in ted  o u t .  

Non l e t  us examine ano the r  k i n d  o f  f low curva ture .  
Anent t h e  r ec t angu la r -b l ade  prope’llor; .  .we assumed vd as 
cons tan t  across t h e  p rope l l e r -d i sk  ar‘ca i”n f i r s t  .approaoB 
( s e e  page l7), a l though t h e  thrust load ing  ad 
t i p  i s  c a r t a i n l y  h i g a e r  t.ban next  $0 t h e  hub; 
B i I c C  i x r e a s e s  w i t h  9. And n o  .already pa ih t  
t i n e  tha t  t h e  a x i a l  v e l o c i t y  next t o  t h o  hub mould %e 

. . .  I .  

” .. . .  . .  
h i g h e r  than  away f r o m  i t . *  . (  i‘ 

To s i m p l i f y  m a t t e r s ,  w e  chose a r e c t i l i n e a r  ou tna rd ly  
d,ccreasing d i s t r i b u t i o n  o f  t h o  a x i a l  v e l o c i t y  of t l io  form 

. .. , 
. .  

1 .  

Thi’s vd must’ 
exsenhere qsed  
as meail v a l i e s  

. I  

The connect i on  

then be brought ’ i n t o ’  r e z a t i o n s h i p  w i t h ’  t 

g i t h  a dash,  'thus: . 

. 1  c .ons ta2 t :  v(j; lrJe r t t e .  tbcs’e q u a a t i t ’ i c s  . .. . 1. 

8 .  :‘ 

(v,7) 
I)” 

betneon t h e s e  two terms i s  establ’ish‘ed 3s” 
tile p h y s i c a l  c o n d i t i o n  that  t h e  $otal akount o f  a i r  pass- 
ing’ through p e r  socrrnd‘ be t h o  sane. T i i 5 . S ’ i s  equ iva len t  t o  
a cons tan t  mean anglo o f  a x i a l  f l o n ,  

, I  

*V i sua l i ze  the- l i f t i h g  p r o p b l l o r  as’ ~iavi-n;g a’ b i g  > o l e  i:i 
t k e  coii tcr;  tbrougl-; wg‘ich a i r  passes’ u n r c s t r i c t e d l  
t h i s  mana’cr the mutual fi i tor?ercnce’ o f  $11 parts  bf t h d  
p r o p e l l e r  d i sk  i s .  knomiiig&y d is regarded .  
**T:ogctbcr’ n i t h ‘  , farvard speed 
f i e l d  o f  f l o w  a. r e a d i l y  t r a c t a b l e  X-dimensiona3.Zy curved 
s u r f  a c  e. 

.I . .  
v cos. a; it’ g i v e s  f o r  %’:le 
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q . , .  The v e l o c i t y  d is t r ib i i '< ion  ok ' e q u a i  q u a n t i t i e s  o f  flon 
t h e r e f o r e  have the  p o i n t  i n  common (fig. 19), 
I n  t h i s  ' p o i n t  t h e  a x i a l  .vi?locit$fjr': corrss+ohd4 %6 t.bc c'on- 
stam.t eagloyed elsewhere; The most 3.mpo:rtan't part 
o f  t h e  b l ade  l i e s  a l s o  i n  this v i c i n i t y . .  .(Se.e, (XI ,"lo) ; 
page 10.) 

Then we compute S a ~ d  ha wi th  ( V , 9 ) ,  as before ;  

r = 8 R 3 

t h e  r e s u l t  i s  

o r ,  e x a c t l y  t h e  same a s  f o r m u l a  (IIL-11). The tkirust re; 
mains u n a l t e r e d  when p u t t i n g  ha = ha, that is, t h e  r e i  
su3.%.ant amount o f  f l o w  remains t h e  s&e. .T&e-l :a t ter  quan- 
t i t y  is computed f r o m  t h e  equat ion  of def f  

' J  

. " I  

A s  a check on t h e  accuracy 'of  t h e  m o t h o d ,  thk 4-b1a.e 
model Qith 9 = 1.8' was clioson, f o r  which a t  = con- 
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s t a n t . ,  t h e  c o e f f i c i e n t  o f  a x i a l  f l o w  mas >ld = 0.022. In- 
s t e a d  o f  c i m p u t ~ a g  Ad n i t  
p ,  i t  i s  more convenient t 2 
f r 0 . m  {V,IL). SO l o n g  as . cnp gemains con.stant,  ha also 
no< ld 'no t  chaiigo i n  t h e  o t h e r  case ;  but an i n c r e a s i n g  
rzould> ha-ve as. coun te rpa r t  z dccroasing,  Xd. 

_- 

I_ 

!MIUS, (V,LL) gijros: 

6 m.8' 9 .+. 5 pp . . 4 - 3 p  

" ~ I ?  
+ 0 131 _-..._-__- 

2 
= 0.001 ----------- 

2 "  . .  (1 - g?) . CnP 

, Thc result o f  vary ing  p i s  shi) a f i g u r e  20. 

Thc p r a c t i c a i  r m g c  o f  p must, b c o f  , the  equal- 
i z a t i o i i  p r o c e s s ,  , l i e  betneen p = 0 t h e  f i g u r e  as? 
sumed for u n i f o r m ' t h r u s t  g rad ing ,  est . imated a t  p = 4/5 
for t h e  o u t e r  t h i r d  o f  t h e  b lade  w i t h .  zE- as 1 r- L= cons tan t .  
Accordixgly,  . t h e  a c t u a l . v a l u e  o f  p 'for 1.8' , . should  

- Cnp remains s e n s i b l y  cons t an t  f r  ' 0 t o  p = 3/4: 

l i e  i n  the neighborhood o f  1/2 T o r  minimum Cmp . 
According t o  t h e s e  -cxa;qle.s, t h e  d i s t r i b u t i o n  o f  vd 

i s  n o t  mmly i n p o r t a n t  as. :far"as r e s u l t a a t  th.rust a:id re- 
s u l t a n t  moment a r e  concerned, provided  t h e  c o r r e c t  inean. 
va lue  o f  V d  has. been a t t a i n e d ,  T h i s  fact assures US 

tha t  t h e  r e s u l t s  o f  t h e  foregoing  s e c t i o n  w i l l  not be much 
a t  v a r i a n c e  mith r o a l i t y ,  even whon t h e  ass -mpt ion  vd 5 .. 
cons tan t  has not been mLal ly  complied w5tb. 

THE LIFT/DRAGPUTIO CURVE (CSARACTERISTIC CTJRVE) 

OF THE AUTOGdRO 

Or ig in  and reso lu t i .on  o f  3.osscs.- IIcre.toforc t h e  drag 
o f  t h e  l i f t i n g  p r o p e l l e r  had 
s o  as n o t  t "o  confuse t h e  issu 

t n t  e n t i o n a l l y  ignored,  

I n  t h e  deduct ions f0.r t h e  a u t o g i r o  o f  s:%iall 
r a t i o  (page 12) it  was l e g i t i m a t e , ' f o r  reasons o 
t r y ,  t o  t a k e  tfi-e resdlkaiit t l i r u s t .  S a t  r ight  a 
t h e  p l a n e  o f  r o t a t i  , tiiat i s ,  in p r o 2 e i l e r ' a x i  
t i on .  I t s  se t t i ' ag  s 'sit f l o w  a n g l e  
f l o w  with induced a 

. { '  
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. I  * r  1 ,  

'. 
i n  o rde r .  t o  producs' i. 

. o f  uudis tur36d .. . .  , -  

< .... .. -. , . ! ,  

"'. ; vi +- W d  f ,  W S u $  - - S s i n  a I .. . (T1,l) 
.. * I .. t . .  . * .  . .  J 

WS,b = drag o f  s u b s t i t u t e  s i l t o g i r o ,  that  , is  ( acco rd ing  t o  
t h e  s e c t i o n  11!21ic i;iduccd F i e l d  o f  $'io* arLg''Its F;'ffcctsItl 
page 30) o f  t-hq a u t o g i r o  - cha rac t s r i zFd  by i d e n t i c a l  f o r m  
sild thrust t . vaa:isIxingly s m &  t i p- s p e qd r.a t i o . 

* I  

o f  t h e  p o l a r s  i s  t s u i t a b l e  f o r  p l o t t i n g  
t h e  drag o f  t + e  a u t o g i r o ,  because , t h e  cond i t ions  a r e  sen- 
s i b l y  d i f f  er,exrt-.from"those .of t h e  f i x e &  wing d.f;'tlie u s u a l  
diiiionsioils. %'he drags a$ h igh  and lorn' ca are ' S Q  u-:iterly" 
lliiX-tEey tliat a l i n e h r  p l o t t i n g  w o u l d  giqire- ' on ly  very in- 
coiii$lete r e c o r d  of  t h e  f i g u r e s  a t  low C a y  ' ,  where. the ' 6~ -s ' t  
lift-fdraz;. r a t i o s  o f  .th.e l i f t i n g  p r o p e l l e r  %'eal-ly lie."' 1%' 
i s  %hePofore B c t t a r  t o  p l o t  t h e  l i f t / d r a g  r a % 3 . & ' h s t o k d  -of 
t h s  drag CQcf f i c i c i l t .  5u .es at. tlil;';,sarne t i r i e  
t h e  drag o f  a l i f t f n g . p r o p e 3  :an% ; l~ .a&%ng a't - t h e  
d i f f  e r e r t  o p e r a t i n g  a t t i t u d e s ,  

... .. : ' c :  . 2 . '  I .  

O r d i n G  t o  -the: fo r*esa i a ,  t h e  l i s  o f  .t&e 

. . . . .  . . . . . . . . . . . . . .  ..... 
. .  . . . . . . .  ? _  ...... i .  . . . . . . .  . ,  . .  . .  ,! ,. . . . .  

w i t h  

r-  . .  . .  a "  

f o r  t h e  r e g i o a  wi th in  which sin a x d  arc m a g  be i r t e r -  

... . .. be e s t ima ted .  iii, design ai ia lyses ,  ,. 

.e i l a t t i i i g  '02f (V1,3) a& 
c s  o f  t k c  pdrti:?-ert l ' i f .  

i c  vi'ctr o f  'tlic 2rogor t . i  
p r o p e l l e r  { f i g .  21) . 

~i aid Ed , t h e r e  i s  g e t  ax.6.t 
f o rmi ty ,  t h e  asaainetrg o f  tlie a i r  flow a t  t h e  b lade  OP 
B o t h  s i d e s  o f  t h e  nedian  plane.  
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. .  . " .- Here w e  
t h e  t rea tme 

t i o n ,  t o  w i t ,  a comparat ively unwiel 
n cau - owing t o  fundamontal de 
ce only  moderately exact  result 

j e e t  o f '  .oxir mathematical  a n a l y s i s  i s  
tvhich thon may be compared w i t h  t h o  model measuremen 
adapted  t o  t h e n  by a f a c t o r ,  as accorilplishcd f ' o r  t h e  f lap-  
p i n g  a n g l e  PI. 

. L o c k  ( r e f e r e n c e  2)  d e f i n e s  t h e  t h r u s t  component H 
pcr$cndicular  t o  t h e  a x i s  of r o t a t i o n ,  i n ' t h e  same f a s h i o n  
as i n d i c a t e d  i n  the sec t lonz l lThe  A u t o g i r o  o f  Large Tip- 
Spccd R a t i o  - Flapping Motion", page  21, f o r  PL; t he  re- 
s u l t  can be formulated nondimensionally as ef f ec t  ed f o r  
ks: 

- 

I .  
.. 

kh = CT [ - i. X cmp *- .I h c r j ,  h i  4 
2 2 .  > ,  

.. Xom mo r e w r i t e  t h c  equatlion s o  as t o  b r i n g  t l ie q u a n t i t y  I 

express ing  t h e  nonuoiformity,  t h a t  i s ,  tlie t ip-speed r a t i o  
h,, befo re  t h e  bracke t .  T o  t h i s  ,end, we remove p1 n 
approximation fornula conformably t o  (IV.,~O): 

Then, w i t h  (VI,3), t h e  l i f t l d r a g  r a t i o  o f  H becomes 

wdgch, a f t e r  p u t t i n g  

@TI., 4) 

(accord ing  t o  (III,X4) y i e l d s :  
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. . '  , ,, r e. 
. .  

I .  % 

l a s t  s t e p ,  r;e e l i k t n a t e -  k, through (V 
51, s o  tha'c ' 

. I -  , I , ... . *  

I ,  

8 2 

(Ad+ $ 8 )  h2 4- hd 8 f 5 82 
- -_--__-------l-_---_---l------lI_ -----& ( V L 6 )  

---+ h a .  - C U  - 

. .  2 3 .  

L .  . he  sa+merical e v a l u a t i o n  o f  t'iits. f~rmU3.a w i t h  
mensions o f  t h e  models .man i fe s t s  a risei3.n t h e  va lue  0f 
t h e  f r a c t i o n  (as a r e s u l t  o f  t h e  e f f e c t  o f  8 i n  t h o  nQncs- 
a t o r )  with 8 (0.21 a t  &:= 1 : . 8 O s .  againsE 0,155 a t  9 = O o ) ,  
whereas t h e  f irst ;  term o f  t h e  riumerator with A"' i s  o f  no  
s i g n i f i c a n c e .  But, accord ing  t o  a prev ious  s e c t i o n  (p .  21), 

. t hG. - t angen t i a l  force,  i s  much orar.ostimate@ f o r  t h e  r e t r e a t -  
i n g  blade; t l i o  .ovekost imatc  i n c r e a s e s  wiZdh 9. Consequont- 
ly, i t  may be oxpectcd tha t  t h o  v a l u e  o f  t h o  f r a c t i o n  i n  
('iTX,4) P s  a l l t t f b * - ~ l o ~ c r  and 6 coylstant t1i.h t h e  calcu- 

.La"con 65i;es. 

e . _  I .  

. f  

- 1  
. . I -  . To checkFthis ;  m e  nut . -. I r ... 

i n e , .  cu by t r i a l  in se r t$on  o f  d i f f e r e n t  b u t  c o p -  
alues of K for e a c h ' n o d e l ,  s o  t ha t  * % h e  bes t  p o i n t s  

o f  t h e  f o u r  models compared h e r e  a r e  reproduced 
ly as p o s s i b l e ,  AS a m a t t e r  o f ' f a c t ,  t.11 
ly well accomplished, acca rd iug  t o  figl;ir 5. The ilon- 
un i fo rmi ty  l o s s  € o r  each p r o p e l l e r  i n  c l o s e  approach i s  
cornparable t o  t h e  5ip-speed ra t io .  

%Lo. A d n i t t e d l y ,  i t  docs not r i s e  w i t h  9 as i t  s h o  
accord ing  t o  ( V I ,  6 ) ,  but r a t h e r  shows a,' sLZ@% 'd&6p; 
(sound) figures i t  

4 = oo 1.8' ( 2  blades)  

K = 0.135 0.13 :O.i25 . O i 3 . 2 5 - .  

._ 
B u t  t h e  enumerator K a l s o  f l u c t u a t e $ i b n l y  v e r y  lit- 

. .  

I .  I . . ( I  
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It i s  f o r t u n a t o  f o r  t h e  che on  t h e  r e l i a  
T a c t i c a l l y  in our method that  p r e c i s e l y  t h e  two 

t a n t  four -b laders  w i t h  9 = 1' a 1,8O (of which t h e  1 
t e r  e s p e c i a l l y ,  shovs numerous t e s t  p o i n t s )  a r e  so dlos 
a n d  a c c u r a t e l y  expressed by t h e  s imple  l a m  (VI,7). B u t  
t h e  enumerator o f  th 

;S ince , .  however, B do 
f o r  f h e  correspon 
ough the  n i d d l e  o f  

t o  d e f i n e  e x a c t l y ,  be Y i  

During t h o  e v a l u a t i o n  i t  should be borne i n  mind tha t  
E;U. a;mount.s*to on ly  a f rac t . ion ,  i n  p a r t  even a minor f s a o -  
t i o n  o f  t h o  t o t a l  l i f t / d r a g ' r - a t i o ,  s o  that e r r o r s  i n  meas- 
urement i n  t h i s  en larged  by 0~ would  be r e a d i l y  shown 
up. On t h e  o t h e r  hand, t h e  accuT.acy f, %he- m e a s u r e p n t  s - 
i s  l i m i t e d  by t h e  f a c t  that t h e  dedu i o n  f o r  t h e  hub drag 
c o n s t i t u t e s  a cons ide rab ie  p r o p o r t i  of t h e  t o t a l  drag 
( 2 3  pe rcen t  g o r  t h e  four -b lader  w i %  e s t  * l i f t / d r a g  r a t i o  
and 9 = 1,8 , and 3 p e r c e n t  f o r  t h e  tmo-b:ader). In s p i t e  
of t h e . f a c t  that t h e  hub drag. ha8 *peen ingaspred fi.eparg.%ely 
w i t h  t he  g r e a t e s t  o f  cake and w i t h  a l l  duo al lowance f 6 r  
mutual i n t  es f  e rences ,  t h  gurce  for d i f f i c u l t l y  estima- 
ble i n a c c u r a c i e s  s t i l l  r 

F o r  t h i s  r e a s o n , t h e  data ob ta ined  f r o m  t h e s e  experi-  

B u t  i h  t h e  headtime'; f o r m u l a  (VI,7) and +,he ''K;,:,.;? 
'f'i&mes o b t a i n e d ' h s r e ,  mag 6e con'fi'dently used,  Wfiatefrer 
ZdCk o f  accuracy ,  t h e  f:oTmu.la nay' have i:s more than  ba? 
by i t s  s i m p l i c i t y  and p r a c t i c a l  convenience6 

. .  e l  .. n f s  3hop'ld n o t  be c-oisi.db a8 d e f i n i t e ,  '. F u r t h e r  

red.? 
6 'r iinent s'. 3, t suf f i g i en t I 3; r g e  sca ie  a r e . ' i m g e n t i y .  

' 

( r e f e r e n c e  1) ar,d LOCBI s ( e e f c r e n c e  2 )  procedure  mh%rcin, 
botrever, axial f l o m  and noauniformity l o s s e s  (Ed + 'GJ) do 
not  occur s e p a r a t e l y ,  The power t o  be e x e r t e d  by the  pro- 
f i l e  drag o f  t h e  blades i n  t h e  p r o p e l l e r  d i sk  as used i n  
s e c t i o n  "The Au to ro ta t ing  Windmill", page 5 ,  f o r  conp 
t h e  flow voloci, ty,  can equa l ly  well. bo r e s o r t e d  t o  fo 
f i n i n g  cU. S ince  tho- f l a p p i n g  motion as a k i n d  of reso- 
nance o s c i l l a t i o n  abso rbs  no energy,  t h e r e  r c m i n s  as l o s t  
poyos iaduc.ed by .the nonaniformity only- th.c..p+'of i l e  -power. 

. . .  A somewhat dsepe r .  i n s i g h t  i n t o  t h e  n a t u r e  o f  ndnun 
o r rn i ty  l o s s  .cu may be gained by fo l lowing  Ofaue r t ' s  

i h c  e o n o r  due' t o  uneven ?$r, f Lorn. equa1.s t h e  power of 
t h e  corresponding drag p r o p o r t i o i l  i n  path d i r e c t i o n :  
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1 e " -  
., % ~ ---------_- . 
v s cos a -  * -  %.. c , \ j  

8 < .  + 
oiif i:ii;zg ou r se lves  confornably t o  Lock ( r e f e r  
, v a l o c i t y  component c x  perpend icu la r  t o  t h e  b lade  
I V ' , ~ ) ,  m e  have: 

, 1 .. which, i n t e g r a t e d ,  g ives :  , ,. * *  . *  
= - p h2 q7p. z t R4 W 3 .  

I .  
L .  

'; 
8 

. I- - 
Then v i t h  ( I I , 5 ) ,  ( IX1,2) , .  ai1.d' k, i n , p l a c e ' o f  S ,  n e  
have 

h. . _ I  * .:\ . . 
. I  ._ . ., ' r  

. ,  
This a g r e e s  ~ i t h  the scconc? p a r t  o f  t h o  p a r t i c u l a r  

3 o r m d l a  .bf Lock. Glaucr t  computes t h e  l o s s  by inc lud ing  
t h e  camponoxit & cos -I$ iu bla, - a x i s  d$ rea t ion ,  t.hat , i s ,  
w i t h  t h e  a c t & a l  yawing v e z a e i t y  T I X ~  form of . i s  rem 

5 ( f o r  h = 0.5). 

B u t  t h e  u l t i m a t e  r e d u c t i o n  has n o t  y e t  been a t t  
I t  i s  acconpl i shed  by i n s e r t i n g ?  kg conformably . t o  ( V , , l )  

. .$ained hereby ,  t h e  f a c t o r  3 becomes 4.5 ( f o r  h = O ) ,  o r  

.. and cwp conformably t o  ' (V-114)3 a .',.'. .. 

eu 3 Ad ( C K  
-1--- ___-_I__. 

. and 
cU = (4.5 t o  5 )  hd h (actual a i r . f l o w ) .  _- ______II__ 

... . cJ.- , I C -  

?his result d.eiiotes . t2L i i ' t  t h k  
i n c r e a s e  w i t h  h and (accord ing  t o  (' 
a r e s u l t  o f  uneven air f l o w .  
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.' . . .  -. 
_" Thg f o l l o n i  t a b u l a t  io$' giOv'es t h e  w i t h  

. t h e  experimental  f i g u r e s :  

& = o  1 .?.ao 
. . .  .' ... . 

= 0.030 0.025 0,022 . 
8 8  3 h d  = 0.090 0.075 . . .  0.066 ( c X  on ly )  

. .  
8 ,  

." 
5 h~ =Z 0,150 0.125; .. -* . 0 . i ~ 0  . ( a c t u a l  flow) 

iqstclzd o f  K = 0.135 0.130 0.125 

- The o r d e r  o f  magnitude of . t h e - f a c t o r s  of h i s ,  t o  
be s u r e ,  co r rec t  with a view t o  t h  a c t u a l  a i r  s t ream,  
.brit t h e  change with 9 i s  s e n s i b l y  g r e a t e r  tllan wi th  t h e  
nod-el ( K ) .  The f a c t  of t h e  f a c t o r  f o r .  9 = 0 .becoming 
even g r e a t e r  than  K, i s  i n d i c a t i v e  of t h i s  method of 
c a l c u l a t i o n  t o  ove res t ima te  t h e  p r o f i l e  l o s s e s ;  for t h e r e  
probably i s  y e t  ano the r  unasses sab ly  small p r o p o r t i o n  t o  
be added, as a r e s u l t  o f  t h e  tu rbu lence  i n  t h e  detached 
p a r t  o f  thr: f low a t  t h e  r e t r e a t i n g  blade. So  t h e  a c t u a l  
va luc  of t h e  a s s e s s a b l e  p r o f i l e  l o s s e s  probably l i e s  bo- 
tween t n c  t w o  mathematical  l i m i t s .  

There i s  no doubt but t h a t  t h o  l o n e r  l i m i t  ( 3  ha) 
used by L o c k  as the  s t a r t i i i g  p o i n t  o f  h i s ,  c a l c u l a t i o n s ,  
gives t o o  f a v o r a b l e  l i f t / d r a g  r a t i o s .  S t i l l ,  it would 
scrvo no u s e f u l  purpose t o  s p e c u l a t i v e l y  f o r s  a n  a d d i t i o n -  
a& term, s a y ,  by s t a r t i n g  from 9, t o  e s t a b l i s h  t h e  agree- 
ment w i t h  t h e  measured K ,  For t h a t ,  the .  t e s t  d a t a  a r e  
not  r e l i a b l e  enough ye t .  Eowever, one f a c t  i s  c e r t a i n ,  
and t h a t  i s  t h a t  t h e  c a l c u l a t i o n  w i t h  w Sromises  more re- 
l f a b l e  d a t a  by a s imple method t h a n  any o f  the a n a l y t i -  
c a l l y  adduced r e l a t i o n s .  

P ra  c t i c a l  imp o r t a n  c e 0 f t h r  e e -vw d i~%~~??i-z-U,~&iz 
____-_ t i o n . -  Let us r e t u r n  t o  t h e  die.gramnatica1 r e p r e s e n t a t i o n  
o f  f i g u r e  21, We have seen t h a t - t h e  energy l o s s  a t  t h e  
l i f t i n g  gropeller expressed  i n  l i f t l d r a g  r a t l o  can be re=- 
so lved  acco rd ing  t o  p h y s i c a l  a s p e c t s  i n t o  t h r e e  compon- 
e n t s  and a s s e s s e d  by approximation, They mere: 

z: the LYl9'C:Ld ;(J;; {si); 3.5 1-3s 9" I G a s r  l i m i t ,  for 
n h i c h  t h e  induced a r g l e  o f  a t t a c k  
bnt which i s  nc?t rcri,c:Ied i n  p r a c t i c e " 3 y  v i r t u e  o f  
t h o  curvature of  t l ic f l o w .  An approach i s  given 

a i  ,= cs/4,  



by s u b t r a c t i n g ' t h e  flow 'angle ad frorn' t .be a n g l e  
of  a t t a c k  a on model experiments.  The then  ob- 
t a i n e d  angle  a i  (fig. 18)  i n d i c a t e s  t h e  appareiit 
s l o p e  o f  a"p1ane fieXd o f  f low, whose  r e s u l t a n %  
e f f e c t  on t h e  p r o p e l l e r  i s  the same as t h e  a c t u a l  
curved f i e l d ,  w h i c h - i s  difficult t o  a s s e s s  numeri- 

. c a l l y .  

The induc t ion  l o s s  on t h e  l i f t i n g  p r o p e l l e r  i s  
, e  e s s e n t i a l l f  given b$ t h e  $la6 f o r a ,  hence d i f f i -  

c u l t  t o  influ-ence. 
, *  

" I  I .  

I 

_ .  
.. 

~ .. . . .  . 
... . 

.. /. . .  
. .  : , ,  

. .  
. . I  

. t h e  f l o w  . .  l o s s  , I (Ed):. I t  cqvers t h  
. ment ~ j y  p r o p e l l e r  r o t a t i o n '  ae j ins t  

drag o f  t h o  b l a d e s ,  I t s  r e l a t i v e  
t a i n e d  by assurnhg tip-specd r a t  
z e r o ,  i . e , ,  syrnmotr ical  ~ a % r  flow; 
i z e d  by tlic , a x i a l  ' f l o t q  c o c f f i c i e i i t  
angle, ' 

I .  

I .  

e power requiro-  
tile " p r o f i l e  

r n i $ i m u m * i s  ob- 
i o  a2proaching 
i t  i B  c'narzicter- 

5 w i t h  flow 
. .  

r . . r  

i s  soilsibly depond.cnt on t h e  l i f t - d r a g  r a t i o  o f  
t h e  p r o f i l e  at Ghich t i le b1ad.o ope ra t e s ,  and on 
tho surface d e n s i t y  0; i t  Cai1 ,  t h e r o f o r a ,  be 

. . -  .. markedly j a f l n c n c c d  by t l lc p l a n  f o r m .  . .  

. .  

. . 
I 

. .. 
. .  . .  

. .. , 
. .  

n o  nun f f o r rb - ~ d s s  ( c U j :  r t  5 s  a r 
uneven flu c b l a d e s  $11 t h e  -d$.f 

g e r  neg l ig ib1y  small t ipys  
ry by energy conversion i n  
o c i t y ) .  'Zxact a n a l y t i c a l  assess -  
impossible ,  I n  accord  . w i t i ?  mods1 

experiments ,  i t  'can be expre 

- K h  . - - .  * : 

- ,  

, .  . where = i f 8  approximate1 
of  b l ade  Bugles. I t  can ,  l i k e  [; be i n f luenced  
by t h e  p l a n  form. I. 

The d e t a i l e d  proc6as t o  be foZlowed f o r  trehucing Cd 
and i s  b e s t  seen whoa t h e  f o r u z l a s  f o r  t h e  laqcot -  
shaped ' p r o p e l l e e ,  *developed  in s e c t i o n ,  j?age 5 ;  & r e  71sed 
as b a s i s ,  

modified (xx,$~) g i v e s  
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and ( I I , 1 3 )  t oge the r  w i t h  ( I I 1 , 2  and 3) g 

. I  

_-----_-------- 
O f  t h e  t h r e e  v a r i a b l e s ,  ens, cap% and .CT only t h e  

f i r s t  appea r s  w i t h  d e f l l i i t e  e f f e c t .  3 .The c o e f f i c i e n t  o f  
a x i a l  f l o w  behaves e x a c t l y  l i k e  t h e  d rag  c o e f f f c f e n t  o f .  
t3.e blade '  p r o f i l e .  C o n t r a r i n i s o ,  c ud CJ a f f e c t  
i n  the i n v e r s e  sense o f '  h ;  t he . . g rea  c a i ( 8 )  and .CT i s ,  
t h e  smaller  ( becomes b u t  'h, SQ much g r e a t e r .  

g i r o s  how t o  proceed i n  o r a e r  t o  reach  a p a r t i c u l a r  a i m .  

cap(*) 
nov the"eva1uat ion  o f  t h e  node1 experiments had been in- 
t e a t i o n a l l y  l i m i t e d  t o  8 = l C 8 O ,  a1thou.h t h e  measure- 
m a t s  inc luded  b lade  a n g l e s  o f  2.3' and 3 . Sut t h e  er- 

. r a t i c  behavior  of  ks even at  & = 2.3' w a s  i n d i c a t i v e  
o f  a marked. i r r e g u l a r i t y  o f  t h e  happenings at t h e  blade.  
Such neasurements a r e  u n s u i t a b l e  f o r  checking o r  conf irrn- 
i n g  a theory.  

Bornulas-' (VI,8)  and (V1,9) shorn the  hes igners  o f  auto- 

On t h e  o t h e r  hand, i t  shouid ,be  borne i n  mind that 
can only be inc reased  t o  a l i m i t e d  e x t e n t ,  up t o  

6 

The data f o r  9 = 2,s' are  inc luded  .in f i g u r e  26,-.. 
The iuprovement w i t h  g r e a t  c s  as a g a i n s t  9 = 1.8' i s  
s l i g h t ,  wh i l e  t h e  b e s t  va lues  f a l l  cons iderably  behind, 
T h i s  i s  no t  siraply due t o  t h e  i n c r e a s i n g  h conformably 
t o  ( V , X , l O )  f o r ,  upon c l o s e r  examination, t h e  enumerator 
K i n  (VI,7) i s  a l s o  found t o  be s u b s t a n t i a l l y  h i g h e r  t 
w i t 3  9 = 1,8O ( y  0,145 a g a i n s t  0.125, i n c r e a s e s  w i t h  
This example shows that a c e r t a i n  ainount o f  c a r e  must B e  
exesc ised  i n  t h e  a p q l i c a t i o n  o f  o u r  d e r i v a t i o n  nethod. 

However, t h i s  much i s  c e r t a i n :  t he  s m a l l e r  t h e  t i p -  
speed r a t i o ,  t h e  more r e l i a b l e  our r e l a t i o n s h i p s .  2 A low 
t ip-speed r a t i o  i s  a t t a i n a b l e  b~ srilnll Cap o r  Q with. 
o t h e r n i s e  given c o n d i t i o a s ,  but a c e r t a i n  pe rcen t  chan 
o f  Cap v i t i a t e s  ( s u b s t a n t i a l l y  more than  an  i d o n t i c a l  

,~ 



change o f  0. This is t h e  r-oaeon why i n  high-speed air-  
dcsflt'; i n  which t h o  nonunP$ormity l o s s  is pronounced 
( c s  < O a 0 5 ) ,  
i n f e r i o r  l i m i t  to-day i s  l a ~ g e 3 . y  a dosign problaro. 

a low s u r f q c 6  d e n s i t y  i s  o f  advantage,  I t s  

Any a t t e & p €  at:.estik&-=b&g the  Et t ta inable  c encoua- ' 

t e r s  f i r s t  o f  all, cwp, which f p r  p h y s i c a l  reasons  con- 
q;t , i twtes . . J . g .  an i p ~ e r a b x e  ,obs-ta 6 for any a z p r e c i a b l e  prog- 
Pess.  I n  v i e  of '..K "arid X I t e ther ,wit 'k i  t h e  danger o f  
f a l l i n g  o u t  o f  s t e p ,  i t  i s  impera t ive  t h a t  i n  ( V I , 8 )  

verg  l imXted-  amount wh i l e , .  on t h e  o t h e r  
0% 'Ijecomci u n l i m i t e d l y  small, o r  e l s e  the  

Igh :cs *moul&~'becd;me abnarmdlly girezit and 
i a3 ing  and t h r o % t l e  f~.j ;&.t; :~. '  . 

under  t h e  cond i t ions"  ax i s%-  . _ >  
verg. l i m i t e d ;  ' I t  cobg ' i s t s  o f  C Z ~ T O -  

speed,  and fewer v a r i a t i o n s  o f  cap 

thoevery' m o s t ,  lotaer c 

tmcn% o f  p r o f i l e ,  h ighe r  c h a k a c t e r l  

ra%io's. ' And $he- t o t a l  re$Xk 

,. .. r . *  . I * -  

- i  * 

F o r  com$uting. t h e  nurr?er-S.c&l '.6klkes, k i e -  fblzowing . .  f orrizufas are ' -usbd$ , .  . .  ~ 

- I  ; - h i  
Gd = 1- 

EU & 

I .. - ,  , 1 ,  .̂  
- >  . .* 

. .  . 3 1_ < .  * I .  

- * .  *- > .  _. .".. -I------ 

h * ., 
.- - 

.) ' 2  

*, 
€5 i s  taken f r o m  f i g n r e  15, w 
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' ~ c c o i d i u g  t o  t ,.* t h e  v a l u e  o f  the ' l i f t i  
l e r  w i t h  r e c t a n g u l a r  b lades  mill h a r d l y  exceed 0 , l O  even 
w i t k  t h e  c?os t  favorrab le  dimeqsions:, es-pecial  
con'ing illation. s,et up : s t i l l  o$he 
.i'osses.' On t o  re  -5s the  d,rag o f  

o t h e r .  n o n + i f t i n g  pa , r f s  ( fuseJago ,  Qtnding gewr) , S O  

he F. va lue  of ,tho comple to . a iSc ra f t  probably doss  
11 much shor t .  of 1/8. ; .  

A s  t h e  best l i f t / d r a g  r a t i o  o f  t h e  a u t o g i r o  i s  not  
. f g r . ' f r o m  t l i o  maximum speed;  i t  i s  not  i n f e r i o r ,  i n  t h i s  
r c s p c c t ,  a t  l c a s t ,  t o  t h e  a i r c r a f t  w i t h  a f ixed-ving sys- 
tcu. B n t  ip c r u i s i n g  f l i g h t ,  i t s  l i f t / d r a g  r a t i o s  a r e  
s u b s t a n t i a l l y  less' f avor jb l e . ,  : f o T  whicli reason  i t s  22se 
w i l l  p robably  always be llimited t o  s l i o r t  and m e d i u m  dis-i; 
t a n c e  f l y i n g .  And th'lere i t s  s p e c l a 1  advaa tages  will come 
i n t o  f u l X  play: ease o f  handl ing ,  sp inproof ,  i i i d i f f e rence  
t o  g u s t s I  and landing  w i t h  a n g l e  o f  descent .  

I . .  ' . .  
. .  . -  

.. . ADD'EDJDA 

The f Q r e g o i n g  exposition is. e s s o n t f a l l y  l i m i t e d  t o  the 
.purpose of  a s s e s s i n g  t h e  aeraayharnlc quank i t f e s  o ?  t h e .  I 

l i f t i n g  prope&.l*eer w i t h  a .miuiruum.of mathematics3 y e t  G O  

r e c t  a p 2 r e c i a t i o n  o f  t he  physicax Hxndamenkal processe  
isvolved.  Admit tedly,  they  a r e  i n  need o f  € u r % h e r  imp 
ment i u  many r e s p e c t s .  1 .  

In  t he  fo l lowing ,  w e  s e l e c t  o n l ~  a fem'of the more 
0-ats tanding problems f rom t h e  p r a c t i c a l  p o i n t  of v 
To bc s u r e ,  they .vrtll bc more i n  t h o  19no o f  p o i n t  

crs of magnitude than' o f  adducing d c f i n i  
t i o i i s .  . .  

*For ga-ncral i n f o r n a t  i o n  oi> EzzltogirQ O r  
and 14, 
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ind-for-co,- In %fie 
t h p  blades,  o s  t h e i r  

c e n t r i f u g a l  f o r c , ~ , ,  r e l a t i v e  . t o  t h e  &-t>r*ust had been assumed 
g r e a t  enough s o  that' t h o  ado motion was s o a s i b l y  i n  a 
plane. T h i s  st'.j,.ll, holds ept approach f o r  tho 
mass co i id i t io2s  qx tho m Q , rocordod d e v i a t i o n  
f r o a  the p l an8  ,,. tllq nngl coni&, inoiion, d i d  110% 
excoed I t o  2 , which j u  s i n  d i s r e g a r d i o g  i t s  
e f f e c t .  - .. 

. <  , , . *  - ' . > '  

qat; &:it -59:  -qui te  -d&<$erent . F i t h  
s, ais alreaqy p.qinted ouh .y 
*f..$filil on$y f r o m  one t;h,iTd to 011 

the nodel .  ,%%ea t h e  .aiigLe .ph 
r o m  3 t.o 5 t iGes ,  a s o l a r g e  as o 

is ,betmeeq .. 6 sild $9 " -  $, and .(XV, 
> .  . . .  va$Fe* ; c! ,. . .-I _ _  

I . .  . 
OixezlC -EA; r i s e s . n i t k i  6iie th rus t ,  ' 

o m 1  , k o  C;rZ; . P o  Zs'aind 
e ni<C-soXoly dof%iieit by 
.,an& S o f .  {IVY X4) a3d 

2.coni : ig ' forn is r io t  m i t h o  

.- . 

. I ,  

p e l l e r  drig.. , i tr jg ixcFoncnti i s  p r i i i a r i l y  
duo  t o - t i i b  a c b o l o r a t e d  a i r  f o r c e  of the f a r w a r d - b l a d o  
(I) = 180') which has t3.e g r e a t e s t  backward s lope .  Lock 
( r e f e r e n c e  2 )  g ives  a <;cilcraZ t r e a t n e n t  o f  i t  i3  t 3 e  sec- 
0:id p a r t  o f  115s r e p o r t ;  aiid 3 i s " f o r n u l a s  which, admitted- 
l y ,  must be used w i t h  c e r t a i n  r e s e r v a t i o n s ,  g i v e  neverthe- 

,legis, a.rneasure o f  a r i s o n , .  He f i n d s ,  
' m i € h .  y = - l o .  ( a s - a  tine nodel  
cwp = 0,012, a gat i q ,  o f  
very  l i g h t  b e bes t  ' 1 i f 2 / d r a g p  ra 

. . .. J .  > / '< ' .  ' .  '. 
~, . 8 . , " L  , .:: . . .  : . 

% 2 . .  , :  . . . . . .  . .  . 
. .  . 

., , - .. . .. . . . .  

3ut t h e  coning n o t i o n  has y e t ' a n o t h e r  o f f s c t :  I t  ex- 
p l q i n s  t h e  formation . o f  a l a t e r a l  i n c l i n a t i s o u  of  t b e  
thrusfi,.which, yi t5out  I C ,  would %e.*iqoss .Lble ' .  The advanc- 

ado pu:stains, as v o ,  h j v g  se'in, *ai fa+' g r o a t c r  l o a d '  

- f r o m  t h e  weight o f  blades p rope r ,  which, hgwy 
y s  an  i n s i g n i f  i c n n t  p a r t  iii f u l l - s c a l e  designs.  

. .  . -  
.p-------&----------- l__________l-__ ---__---- --- ---- 

. .  
- . .' . :; I" , :+. . .  * .  :. 

. ?  



a t  , r igh t  a n g l e s  t o  

cording t o  GZauerffs  forniula ( r e  
t o  t h e  r .esu l tan t  fosce (a, .Bind. o 
be p r o p o r t i o n a l  t o  h. 

. .  
Tha .curva ture  o f  t h e  f l o w  induces a second c ros  d 

c e  which, accord ing  t o  Glauert  ( r e f e r e n c e  -1) shou 
ri?etrieal$y opposed t o  t h e  f f r s t  and i n c r e a s e  wi th  1 

(by ;camber,'of arc) 

Lockts  model experiments also inc lude  a l a t e r a l  f o r c e  
measurement fqp t h e  4-blader a t  9 = l o 8 O  ( f i g .  27). The 
f o r c e . d i r e c t j , d n  i s  i n d i c a t i v e  o f  i t s  source  f r o m  t h e  coil- 

g r e a t e r  t h a a  an t ic5patod .  Thfs i s  probably bound up v i t h  
e -equalI,y inc reased  f l a p p i n g  noeion (IV, 1 5 )  compared t o  

t h e  theory.. 

-. *Then. - the coning m o t i o a  has . y e t - a  c e r t a i n  e f f e c t  on 
the p o s i t i o n - o f  the cone forned. by t h e  blades.  The f o r -  
vard ly .acc .e , le ra ted  a i r  f o s c e  ( a t  $ = 180') causes  t h  
. b l a d e  t u  d b f l e c t ,  ail a d d i t i o n a l  '. 'flapping motion, which 
o b t a i n s  i n  a .displacement o f  t h e  h i g h e s t  coiling p o i n t  of 
from 10 t o  30' i n  the  d i r e c t i o n  o f  r o t a t i o i l .  B a t u r a l l y  
th fs  dtsplacement '  &ff  e c t  s , even i f  Subordinat e l y ,  a g a i n  
t h e  magnitude o f  t h e  l a t  e r a 1  component 

.,)ng n o t i o n ,  but  t h e  r i s e  o f  ~ g t s  l i f t l d r a g  r a t i o  e, i s  

. .  

4h.e b l a d e  cu rva tu ro '  e f f  e c t  ensuing w i t h  e l a s t i c  b lades  
-under t h c  combined e f f  c c t  o f  unevenly d i s t r i b u t e d  t h r u s t  
rz-ad c-entrif.uga1 f o r c e  loading  i s ,  i n  EL c e r t a i n  senso,  rtsl 
l s t e d  t o  t h e  just  d i scussed  process .  Glauert  and Lock  as- 
sumed a raean cu rva tu ro  o f  t h e  b l ade  a x i s  iil c i r c u l a r  a r c  
f o r m ,  Lock ( r c f e r c n c e  2)  o b t a i n s  for t h e  aforementioned 
untoward dimensions and a 3-percect  p i t c h  o f  t h e  a r c ,  a 
drag increment o f  0 . 0 1 ~  f o r  b e s t  l i f t / d r a g  ratio. 

B u t  t h i s  r e s u l t  i s  t h e  m o s t  u n c e r t a i n  o f  a l l  
assumption *of  a cons t an t  cu rva tu re  o f  b lade  a x i s  
Zy un tenab le , :  a s  siiall be shown h e r e i n a f t e r ,  because t h i s  
p o i n t  i s  .of. c a n s i d s r a b l e  i q o r t a n c e  f o r  stress ana lyse  

--- S t r e n g t h  --- XroSlerss  ---------------.-- o f  t h e  %lade,-  I n  t h e  s o l u t i o n  o f  



. C.A. m l$o. 733 .. 52 
I L . '  . . . .  (. . , 1 ... . 

t han  o f  noan values .  S o ,  

natfionat i c e 1  d i f f i c u l t  i c s  involved. 

' th  er i3  ;+T& 2i31si but .  t; e r n i t  five 'g 
y s i s ,  nwmely,, . t o  g % a r  tli a p'3.anrF 

' f i e>d  o f  f l o m  WfCh tlie incl,inat*bn %i (f,i.g.. '1 
l y ;  t h i s  s igni l ' ies . ,  w i t h .  t h e  h o w n  equa l i z&t fon  p rocesses  

for t h e  ai'r l o a d s ,  tha% es, .ad..ded sa-fety f a c t o r .  f o r  th  
a n a l y s i s ;  f o r  a t  t h e  p o i n t s  or" g r e a t e r  o p e r a t i n g  a n g l e +  
consequent ly  g r e a t e r  l o c a l l y  produced t s t  than agreea- 
b l e  t o  uiiifori3 thrust .grading;..Ww I"lcuw mare .defJ.ected 
and~ 'ac t -aa l l$  s t r fkcs t k e -  bLade '.at E X ,  sma r angle than %he 
ca lcu lwt  i o n  st i p n l  s. - t h d .  highl$ Poadad p o i n t s  are 
r e l i c v c d  an d,  s%cess.cd g l ~ ~ e . .  . 3 

- " .  . .  . /  . 

val'id, ,n,iv'cs hornever a s e m  n th;o m a j o r i t y  of. I 

cases  o f  be ing  on .the:-safe s id  ifl except ion  might;, be 
t h e  t i p  l o a d  o f  t h e  ward ljrii-zg 'oI,a.de a t  s3all ang les  of  

. a.t;fack as a r e s u l t  ,o he r e l a t i v e l y  excess ive  f l o w  curva- 
t5xre.'. That w o u l d  h t o  'Ise cleared up through measm. .. 

r !  . .  
' ,- 

g '. 3raf %ha s3;tua'cion 0 d i s t r t b u t i o n .  of the 
blade .in 5 t s  four  s e t t i n  ca1I.y as foli.ank: .On' t h e  
s t ra ight  b l a d e  the ' '  c e  companea%'s normal .tb 
t h e  b1ad.e kan'ccl $n y dns tanco  the rnass'.fo'Pcrrft.s. pr"'b-'.' 
duced by v i r t u e  o f  l app ing  a c c o l  e r a t  i on .  Consequent- 
13,. i t  . s u f f i c e s  t o  ..iin*alyie t'ild' p l a j i  05. tho farkes' at  t h e  

Conink- m0.t ibn, that f (co:istz-n% ov%A 
J.g d i r  Q c t&i.} .e olfp p 2 fu o r e %  atua oc the' :(Fvaria*olo:.-" 

' < I  aixd upt~ard  acting) 

a- 6'0 :as Kh:o %fad8 is:. 6 t r a5gh  
c r e a s e s  l i n e a r l y  outward w t t h  nniform mass d i s t r i b u t i o n  
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i n d i v i d u a l  blade elcmcnts again.  ., . 

Tho ideal f r o m  tK:e stiz'ndpofnf o f  s t r c n g t h  would b*a 
pcrfect ' ly  s o f t  b lade,  .a h c a e  rope ,  so. to say, nhiclh a t  

' a ~ i y ,  i n s t j i l t  conforms n ' i th  t h o  eqQi l ibr ium o f  tkio. cx te rd  
maSs f b r c c s .  .Such ai1 eleirle'nt m o u l d  have t o  trranAniC 1 

'g i tud ina l '  and traYrsQerse f o r k e s  :but no f l e x u r a l  monents, 
B a t h r a l l y  t h i s  i s  not  : f e a s i b l e  in.a"iew o f  t h e  r i g i d i t y :  of 
%'he d l ade  by nonre+olving r o t o r , .  and t h e  des igne r  i s  

..- f o r c e d  t o  some compromise r e l a t i v e  t o  t h e  d e s i r e d  s t i f f -  
- l i e s & ; ,  F o r  t h e  c h o s e n . s t i f f n a s s  and W S S  d i s C r t b u t i o n ,  ' ... 

e norrid1 1ondi i ig"is  thcn.  e s t a b l i s h e d  by progress ive .  a3- 
oach, t h e  change of c c u t r i f u g a l  f o r c e  conj?ozrcnts due . t o  

yaryiilg b l ade  cu rvq tu re  bcing o f  p r i n a r y  inportai lcc ,  f o l -  
l owed-  by t h e  .chiage o f  a i r  l o a d .  Tho first,'' 'fs d i r e c t l y  
dcpcndent on tho- sLapo of  t h e  b l a d e  axis;:&ho.othcr an Z t s  

i v a t i o n  w i t h  rospo'ct t o  t i n e  A i3or-e exact  
o f  t bcso  pkocessos i nvo lves '  ax eriaria?ous an 
o r k ,  si i iec -no a c c u r a t e  short-cut  hcthod ha 

bccn dcviscd  as yet.  

Pzlee-'flfght t e s t s  on t h e  a u t o g i r o  w-oul 
cohsiderab'ly e a s i e r .  (There is ' n o  adequate wind %unael  

e r e  m o d e l s  a t  the d e s i r e d  s c a l e  could be t e s t -  
oblern i s  t w o f o l d :  a )  da te .m+inaf i  

1 o ad s at  b 9 ade through p r e s sur e- d.i s t"r ibut i OP 
a t  vary ing  d i s t a n c e  f r o m  t h e  c e n t e r ;  b) measu 
d e f l e c t i o n s  a long  t h e  b l ade  ax i s .  . .  . .  .*. - 

B o t h p r  o bl ems p r e s en t c OIL s i d e r  a"c.1 e e xp e r  i a e a  t a1 &if * 
f i c u l t i a s ,  because t h e  neasaronea ts  must be made o 
t;atixg element which, i n  a,?.?aiti,,on, i s  very s e  
nalizlcally as well as hydrodyuamica>ly. I But t 
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v i d u a l  blade, -el emertt 

p inged  autog2ro, t h e  a t  de o f  Xgrt icaL &ls-cgcgt_, vhich  
has b e e n  e l a b o r a t e  saate.61. by- Lock (-re$erelzce 8), 
and -Glquest ( re fesenqp , T & e . . f l Q m  .on t h e  au-torotating 

nzed grcJgs12er i s  ~na2'rrgp.us. t o  the  .flow o f  a 
l y r  ,impinge& round ,@i.&, i o e .  ,..in , f r o p t  a aym- 

rnqtr:&ca3. po t~>~i&acl  f l o w , .  behiqji. i.t a turbq1on.t; zone :sepa- 
r a t e d  :bx a . .more .  o.r loss cxgroFj,scd i n v e r s i g n  lager .(izrea 
o f  d i scon t inu i ty - )  f r o a  t h e  -got;ent:al flon.. Zhc fac 
1 0 ' t o  20 g o r c e n t  . o f  t h e  fl 'ow .osca.pes througb tbe  'pr 
disk on t h c  a u t g r o t a t i n g  p r o p c i l c r  does not a , l t o r  the. pic- 
t.l;rxxe d e c i s i v e l y .  ! *  > 

. . . T.his .flow, p e r f e c k l y  defiAed by the vo 
o f  tJqe $ r o p e l i e r , ,  nom nust,  g r a d x a l l g .  c5azge 
a i r f o i Z  flow as t.h,e ailgfe o f  a t t a c k  d e c l i n  
atg8mp.t 40 far publ5,shqd which covers  this; 

e rence  LO), i s  i&,$u%trated t n  f i g u r e  2 
3 of 0.65 rn (2 .1  f - te : )  was t e s t e d  i n  t h e  ,2*10 @ (6.9 . 

f t . )  c lo sed  wind tuimel .  The p l o t  shops the.  l i f t  curve , 
a n t i c i p a t e d  f o r  s m o o t h  flow conformable t o  (III,?) and 
( I I I , S ) ,  without; p a r t i c u l a r  regard t o  t h e  ind-uced .flame 

t o  .a = 3.5' ( f i g .  29a) .  I But, a t  20 th:e to,s$,: p o i n t s  axe 
already scatterad,* a sEgn of distuxbana-c 04 t&"o; 
flow, . Observat ions ar-e still l a c k i n g  r.ogard:$ag, S 
i t  may bo assumcd t h a t ,  qnalogously t o  the  $ix&wffng s.ySr. 
tom, a dead a i r  z o n e  i s  formod on t h e  u2pcr s ide  a t  whose 

. .  t ~ 

I .  

The t heo ry  ag rees  ve ry  closelgonith the t o s t  data up 



S 

uel b l a d e  e l  

e d ,  ve have a i  = a i f  t h e  p r o p e l l e r  i s  lld-ensc.tl 'enough 
and t h e  f i c t i t i o u s  p i p e  flow is d e f l e c t e d  throu-gh 2 a, 
that  i s ,  th rough 180' a t  a = 90°. I n  t h i s  case  t h e  pro- 
p e l l e r  f o r c c , c o . c f f i c i e n t  w o u l d  be cs = 4 s inaT4 ,  accord- 
i n g  t o  (111 ,7 ) .  This i s  t h e  h i g h e s t ,  t heo r  i c a l l g  con- 

. coivablo  amount, accord ing  t o  t h e  mornenturn eorem..,' { 1% 
corresponds t o  t h e  p e r f e c t l y  e l a s t i c  impact." 1 . .  

I I n  r e a l i t y ,  no sv-ch l a r g e  d e f l e c t i o n  i s  r e a l i z e d :  ,. 

t u r e  n i t b i n  t h e  p r o p e l l e r  d i sk ,  which i s  not  possib' le ac- 
cording t o .  t h e  nechanics  o f  t h e  p r o p e l l e r ;  t hen ,  i t  i s  ai- 
a m e t r i c a l l y  opposed t o  t h e  f l o w  p a t t e r n  observed a t .  a = 
90°, f o r  which reason  we have t h e  i n c i p i e n t  breakdgwn o f  
t h o  f l o w .  Bes ides ,  t h e  c i t e d  p i p e  does not d e f l e c t ,  the  
whole m a s s  f lowing through i t ;  p a r t  o f  i t  escapes before- 
hand, oniag t o  t ho  p e r m e a b i l i t y  o f  t h e  p r o p e l l e r .  The la%- 
t e r  p rocess  i s  c o r r e c t l y  a s s e s s e d  as t o  t ype  through f o r -  
m u l a  ( I I X , 9 ) :  On o u r  p r o p e l l e r  ( f i g .  28) ,  i t  lowers t h e  
i h e o r e t  i c a l  cshax f r o m  4 t o  2.8. 

.. f i r s t ,  on account o f  t h e  n e c e s s a r i l y  s t r o n g  f104vp.'curva- 

1 .  

. .  . Now the,-rema:rkable f e a t u r e  i.s that t h e  measured. 
is exaFt ly  half  o f  t h i s  amount, t h a t  is, 1.4, If 'Smax 

f u r t h e r  experiments  sh.oinld c o n f i r a  t h i s  result t h e  c i t e d  
P r a n d t l  method could t h e n  'De ext'ended t o  i nc lude  t h e  per- 
p e n d i c u l a r l y  impinged. a u t o r o t a t i n g  p r o p e l l e r ,  s o  f a r  as 
t h e  f o r c e  could-be computed from t h e  same ( f i c t i t i o u s )  
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p i p e  flow, w i t h  the  p r o v f s o ,  however, that  instead of 2 a 
t h e  t o t a l  d e f l e c t i o n  a n g l e  would be only a, o r .  CG - ad, 
that  i s ,  
"dense" p r o p e l l e r  ( E  = 0)  csmax = 2 as l i m i t ,  i n  accord  

90' - ad. This would g i v e  f o r  - t h e  p e r f e c t l y  

t * s  ( r e f e r e n c e  9) and 'Lbckrs ( r e f e r e n c e  8 )  
s e x t r a p o l a t e d  f r o m  t h e  o 

b r l n g  us back t o  Bewton,  
u r o  f o r  t h e  d i s k  by moans o f  h i s  p r i m i t i v e  momonturn the- 
ory. 

Assuming that i t  a c t u a l l y  occurs: Why t h e n  does  t h e  
round d isk  produce s o  much less drag  
d i f f e r o n c e  can only l i e  i n  t h e  form o f  t h e  dead a i r  space ,  
that  i s ,  t h e  v o r t e x  f i e x d  i n  t h e  wako of t k c  disk,  Where- 
a s ,  on t h e  f i x e d  c i r c u l a r  disk the  a i r  p e n e t r a t e s  i n  t h e  
f o r m  o f  i r r o g u l a r ,  l a r g o  ba l l s ,  i n t o  tho zone a f t  of  t h o  
d i s k ;  t h o  closely spaced v o r t e x  t r a i n s  l eav ing  t h e  b l ade  
t i p s  as h e l i c e s  on t h e  l i f t i n g  screw, & o u l d  f o r m  a honey- 
coub-shaped envelope which p reven t s  air f r o n  p e n e t r a t i n g  
the dead a i r  syaco, as  moll as from s e t t i n g  up any suff i -  
c i e n t l y  large s u c t i o n  b e f o r e  t h e  blade.  The bourdary lay-  
er f lung  o f f  f r o m  the blades i s  probably very much in- 
volved h e r e i n .  I t  should  be w o r t h  whi le  t o  exp lo re  t h i s  
p rocess  thoroughly,  e s p e c i a l l y  by sea rch iug  obse rva t ion  
o f  the  f l o w  wi th  smoke f i laae lz t s .  

( cw  5 1,15)? The 

This much may, however, be a v e r r e d  on t h e  basis of 
modern knowledge, t o  w i t ,  t h a t  t h e  thrust c o e f f i c i e n t  w i l l  
not  be i n  excess  o f  cs = 2 i n  v e r t i c a l  i?escent - i n  most  
c a s e s ,  even 20 t o  30 p e r c e n t  lovsr. Higher f i g u r e s  ob- 
se rved  h e r e  and t h e r e  in f r e e  f l i g h t  t e s t s  ( r e f e r e n c e  12)  
can be u n s c s t r i c t e d l y  explaii led by the  a l m o s t  always accom- 
panying n i n d ,  nhich makes i t  e a s i l y  appear  as v e r t i c a l  de- 
s c e n t  when, as a ma t t e s  of f a c t ,  i t  s i o p e s  perhaps  45'. 
In  t h i s  case ,  f o r  i n s t a n c e ,  t h e  s i n k i n g  speed would be on- 
l y  Xi@- t imes  t7iat o f  v e r t i c a l  dcscent ;  that i s ,  the ap- 
p a r e n t  aAr-forcc c o e f f i c i d n t  t o  be computod theref rom f o r  
V o r t i c a l  doscen t ,  v o u l d  bo twice  a s ' h igh  a5 t h e  a c t u a l .  

I n  s p i t e  o f  that  t h e  drag o f  t h e  autogiro i n  v e r t i c a l  
desceiit i s  g r o a t e r  t hcn  that  o f  a parachute .  The remark- 
a b l e  f a c t  i s  that t h i s  f l i g h t  a t t i t u d o  w i t h  wing c o n t r o l  
is p k r y e c t l y  c o n t r o l l a b l e ,  a c l z a r a c t e r i s t i c  i n  rsliich t h e  
a u t o g i r o  e x c e l s  any other t$r,e o f  z i r c r a f t  and vhich  in- 
sures s a f e  landing under t h e  m o s t  d - i f f i c u l t  condi t ions .  
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It  i s  shown that t h e  flow on t h e  a u t o g i r o  i n  l e v e l  
be reduced t o  

y impinged aut 
a l l y  s imple f o r  
t a l  l a w s ,  f o r  S l  
a l s o  a t h e o r y  o f  t h e  tlirus 
i s  i u  complete accord  v i  
t i Q n ,  page J.2). 

thrust curves ,  however, p o i n t  t o  t h e  p o s s i b i l i t y  o f  s o ~ i c  
1 e r r o r  i n  t h e  assumptions. 3ut the  e f f e c t  o f  
try i n  t h e  a i r  s t ream, n h i c h  e f f e c t s  t'de f lap-  
n of t h o  i n d i v i d u a l  blades, i s  desc r ibed  b e f o r o  

t h i s  basic e r r o r  i s  exp la in& { s e c t i o n ,  pago 21). I t  i s  
' shonn t h a t  t i l o  .rcathemstical t roa tmcnt  o f  t h o s e  p rocessas  
fiiids i t s  comparat ively narrow l i m i t s  i n  t h o  inadequacy 

This i s  one rcasoa nhy the  Engl i sh  theory  ( r e f e r e n c e s  1 
aiid 2)  could not  produco s a t i s f a c t o r y  se s i z l t s  d e s p i t e  t h o  
o l a b o r a t  e mathenat i c a l  vork:. 

-- . 

Discrepancies  i n  t h e  mathematical  a n a l y s i s  o f  t h e  

o f  t h o  f o r m u l a s  f o r  t h e  air f o r c e s  at t h e  roccding  bladc. 

The ot l ier  roason l i e s  iil t h o  assumption r ega rd ing  t h e  
shape o f  t h o  induced f i e l d  o f  f l o n .  Tho s imple Prand.t;l 
assumption o f  a p l a n a  f l o w  d e f l e c t e d  b : ~  half t h e  amount 
and  v a l i d  f o r  sleiidctr wings, nust be a l t o g o t h e r  discardcd.  
A s  t b e  actual  f i e 1 2  o f  f l o w  i s  s c a r c e l y  t r a c t a b l e ,  a p l a n e  
s u b s t i t u t e  f l o m  i s  in t roduced  ahose  s lope  i s  f i g u r e d  back 
f r o a  t h e  n o d e l  expe r ihen t s  ( r e fe re i i ce  3 ) ,  wher8by t h e  real  
p r o p e l l e r  i s  r ep laced  by a s u b s t i t u t e  l i f t i n g  p r o p e l l e r  
d t t h  s y n n e t r i c s l  a i r  fl 'om, The f a t t e r  g ives  drag coaf f  
c i e n t n  f o r  t he  blade p r o f i l e s  m i c h  a g r e e  w i t h  t he  Gottin- 
gen nod01  expor ixca t s  on t h e  same n i n g  s e c t i o n  ("The In- 
duced Y i e l d  o f  ov and I t s  E f f e c t s " ,  page 30). I t  i s  
s5onn that a moderate cu rva tu re  o f  tlic f i e l d  has no 0ffec.t 
on t h e  result, provided  the p l a n e  subs t i t u t e  flo'm has boon 
c!iosoi? c o r r e c t l y .  FurtYcr  n o d e l  oxper inents  w i t h  l i f & i n g  
. p r o p e l l e r s  a r o  urgcnt.i'y ' de s i r ed .  

r e s o l v e d  i n  t h r e e  p a r t s  ' ( s e e  s e c t i o n ,  'page 3 9 )  : 
illon t h e  tcitar 1 6 S . S C S  oxppossed in l i f t / d r a g  r a t i o  i s '  

a)  induced l o s s  ( ~ i ) ,  2lna:-s g r e a t e r  t han  c s /4  , 

e ing i r i ca l ly  f r o m  f i g u r e  18 ( E t  = a i  see  a ) ;  
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b) a x i a l  flow,..l.pss wi th  a minimurn o f  

. .  
17 c o e f f i c i e n t .  { l i e s ’ n o s  
0 , 2 5 ,  and a x i a l  flow cpe 
s t a n t  (0.015 t o  0.03); i s  

y d e f i n e & ,  f r o n  ~ . . the  p r o f i l e  l i f t / d r a g  r a t i d ;  

o s s  cu =: IC h,.  yhere in  K, f o r  
, d e v i a t e s ’ a p p a r e n t l y  only a l i t-  

“. 

nd €- ‘depend i n v e r s e l y  on th:e t ip-speed 
induc t ion  l o s s  i s  l a r g e l y  contiil- 
$arm, $he improveuent .of t o t a l  

% i n ‘  re$a. . t isely narrow l i m i t s ?  about 
$he u s u a l  f o r m  o f  to-day. TLe .p rob lem;  i s  essen- 
a. t ter  o f  r a i s i n g  t h e  speed by 1oweri.rrg’thc sur- 
$s a-ad re f inemep%.in  b l ade  p r o f i l e ,  p r o p e l l e r s  

, in%.ef~d@ f,or high speed having rrarrower b lades  t h a n  t h o s e  

Tho con iag  D:otion dfs regarded  thus far, v i t i a t k s  the 
ag ratio very l i t t l e ,  3ut s o t s  up i n  conjunct ion  
e , . c .prv~d f l o w ,  a l a t e r a l  f o r c e  wlilich i n c r e a s e s  w i t h  
-speed r a t i o .  ,(See s e c t i o n ,  pago 49.) Our kaowl- 
ncc rn iag  it is s t i l l  veFy incomplete. * ‘ I  

e cliaiiging a i r  f o r c o s  d o f l c c t  t h e  b l ade  d u r i i g  
t a t i o a ,  5nhqmonou.sl.y u.2aard aJd dowzrrarrd. Thc s tudy  

. t h i s  p roccss  i n  f l j g h t  measurements under s imul t aneous .  
do$crmiiialion o f  t h o  a c t u a l  f i e l d  o f  f l o n  i n  t h e - p r o p q l -  
.1er d5sk i s  0x10 o f  t h e  raos t  p r o s s i n g  problcrns ( s e c t i o n ,  

inten+-ed. $ o r  .sboa r a t e  o f ,  climb. 
. .  ;. I 

. I _ ’  

c 12). , .  

‘- In v c r t i c a l  ‘desccnt t h o  thrust c o e f f i c i e n t  c s  
3 ,  

* . P  

about  50 pcrcox t  o f  t h e  value a n t i c i p a t e &  f r o m  t h o  e 
rneutary t l ioorg ,  The amount 3f cs = “2. is p o t  exceeded 
( p p g , q  49) . . Tho flow breaks donn nh,on. ch,cLngipg t o  h f g h  
ailglos o f  a t t a c k ,  that is., r o l a t i v e  t o  t h o  t o t a l  a r e a ,  but 

i reinailis sonad at thhc i i id iv idua l  blades, s o  that  l i f t i n g  
g o n e r  ai$ ~ c o n t r o l l a b i l i t ~ .  a r e  maintafacdr . 

5 . 0 ~  bH J .  TIan’ler, 
;4dvisor:p .co;:nittco 

L 
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Figure l.-Air f l o w  and forces  on'%he axtorotat ing 

at t i  tude. 
It e 1  ern en t arj- p r ope 1 1 e r ' I  i n  e q l r i  1 i br ium 

€ P 

Figs. 1,2 

F i6-r e 2. -Aut o r  o tat i on. range. 

bi 



l i g u r e  7, -Blade f o m  of  "ideal" autogiro.  ( lance t  

f o r n  assumed i n  t'ne analysis .  Tne s o l i d  l i n e s  re- 
?resent  a p r a c t i c a l l y  f eas ib l e  blade f crm, wliich 
i n  e f f e c t  i s  l i t t l e  d i f f e ren t  from the other. 

shape), The dotted l i n e s  a re  the pla;? 

Figure 4.-Air flow and forces  at blade element o f  
au toro ta t ing  l i f t i n g  propel ler .  



4 

2 
Yo 

0 2 4 6 8 1 0 1 2  

2igs .  5 ,6  

Gattingen 429 
v = 30 rnfs 

% 
Figure 5.-Autorotation raage f o r  the lance t  

i n  ax ia l  air f lon .  
propel le r  w i t h  Gottinge3 429 p r o f i l e  

Figure 6.-Section through autogiro i n  l e v e l  

composed of  veloci ty  v o f  undisturbed flow 
by def lec t ion  through angle ai.The air 
passes ti?rougli the disk a t  angle a d .  

flight. Velocity V I  i n  disk i s  



C 
S 

4 8 12 16 20 

cs = 42, 
4 = i.ao, 

[ = 0.178. 
4 = 1.80, 

9 = 00, 

4 blader,  

2 blader, 
5 = 0.252. 

[ = 0.282. 

Go 
FiEpre 7.-Resultant force coe f f i c i en t  versus f o r  

tLic cirvcs coin3uted according t o  theory o f  the auto- 
g i r o  12,iiKt tip-speed r a t i o  approac!ling z e r o .  The agree- 
merit" i s  exceptionally close. The s t rni@lt  l i m  c s  = 4a 
gives the angle o f  cleflec t ion  conf or.iiablg t o  the 
tlieorg of the l i f t i n g  vortex. 

several  autogiros.  The poizits are measured, 

a, v = 30 m/s 
b,  v = 3.5 I' 

c ,  loocm= 
1.Z + 2.4ca 2 

d,  100cwp = 1.65 

7 0 1 2 L' 

lOOC,, 

Figure 6.-Profile drag 0; Giittinger? 4251. Eie dot ted 

see t i02  111, 6. The disagreement i s  obvious. 
l i u e s  re fer  t o  the mathenatical. da t a  of 
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Plane o f  ro t a t ion  

v cos  a = 

Tigure 9 . - Jef in i t ion  o f  fla:Jpins notion agd ensuing 
ve loc i t ies .  The "heavy" blade runs at  high 

tip-speed r a t i o ,  because o f  a s y m c t r i c a l  air f l o w  i n  
a plane (plane of ro ta t ion)  inc l ined  a t  angle 81 t o  
the normal plane. The t ra i ls i t ion from v e l o c i t i e s  v 
i n  the pr i - :xip. l  p lane t o  the v e l o c i t i e s  c at the 
blads is effected by means o f  f i g s .  10 and 11. 

Figure 11 . -Velocit ies at t l i e  f lap in ; :  '.;lade elelaent. 

Blade 

xi; s i n  Q 

%ig;Lre lO.-Velocity d i s t r i k a t l o n  i u  tile norma.1 plane. 
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Measurement 
repeated. 

a ,  9 = i . a o  

a,  4 = 1.ao 

0- 

A b ,  9 = l . O o *  . c. c ,  4 = 0" 

2 blader .  

0 5 1 0 15 20 

a 0 

Figure 12.-Thrust coef f ic ien t  and tip-s;3ecd r a t i o  

th rus t  coef f ic ien ts  a r e  sensibly coastant ,  those o f  
02 tlne compared iiiodel iileiLsurement s. The 

blade a-iple B arc i n  the ratio 
of 1:2. 

a, = 0' 
i3, .9 = l.so 

__I-- - 9 5 1 CI 15 
a' 

Figure 13.-Profile drag and cocf f ic iont  ox" ax ia l  

steep r i s e  of c at small a 3 a s  no physical  basis. 
flow accordi2g t o  (IV, 12 and 13). The 

WP 

C a.1 c d a  t ed 
M c a s w  e d 

a, 4 = 1.8' 
b, a = oo 

.l .2 .3 . 4  .5 
h 

Figure 14.-Comparison o f  compted and measured 
flapying angles B,. 
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F i  

-- True values 
___I- Calculation 

4 = 1.8' 
h = 0.5O 

= 4.0' 

\Ir = 270° 

0 .2 .4 .s .8 1.0 
r / R  

thrust aiid its moment at df = 270°. 
. E ~ r e  15.-Comparison of computed and actual blade 

- True values 
I---- Gal cula t i on 

.26 

.05 
k 
t .04 

.03 8 = 1.8' 
), = 0 . 5 O  
B1 = 4.0' ,02 

01 \Ir = 2700 
l';Int 

- %t 
0 .&  . 4 .6 .8 1.0 0 

r / R  
Figuse 16.-Comparison of comyJted and actual tangential 

force and its mozent at I!) = 270°. Tile shaded 
area represents {at 5x scale of fig. 15) the excess of 
the coquted over the actual momerit of the tangential 
force about the axis of rotation. Tho actual. mome3t is 
infinitesinal sxiall. 



F.A.C.A.  Techlical :demorandurn Bo. 733 Pigs. 17,18 

2.0 

1.5 

1.0 

ca 

.5 

-.--- 

I 
I 

0 IC 20 30 4.0 50 
a' 

0 .05 .1G .15 .2C .25 
Cmo 

Figire 17.-Comparison between circul~ar ving and 

cmo (A = 6 )  
cm0 (rotating wing) 
ca (a) (measurement ) 
c = 2.35 z 
lifting vortex. 

- 

rectangdar wing of equal prx€ile 

0 

.5 

.4 

* 3  
cS 

. %  

.I 

(Clark Y). 

0 = oo 
29 = lo 
8 = 1.8' 
4 = 1.80 

(2 blader) 

0 2 4 6 I! 
a; 

Figare 18 .-Induced fnclination of tl-e nlane "substitute" 
flow at the locus of t..h liTting propeller. 
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F i  m.r e 

2 

1 

0 1 

19.-Resolution of f l o w  veloci ty  
r / R  

the radius.  

Tigs. 19,20,21 

.a1 oag 

1O0ClV 
1. 

1. 

1. 

114 p ?/4 
B i p r e  2O.-Resolution o f  flow veloci ty  p l o t t e d  

against  p r o f i l e  drag coef f ic ien t .  

.P 

2 

Lif t /drag  ratio,  E 
Pigure 21 .-Resoluti.o:i cf Losses on t:ne airtogiro. 



z = a  
d = 0.19 
4 = 00 

.4 

.2 

.1 

.4 v 0 .1 .2 .L 

E 

7 G .1 .2 .CI 

E 

.6 

.3 

. a  
c s  +-? 

.e? 

.2 

.1 

0 

Figs.  22-25 

2 = 4  
6 = 0.19 

0 .1 . 2  
E 

.4 ‘2 .I .2  .V 

E 
Pigures 22-2.5.-Lift/drag ratio curves; theory versus i,,odel experiments. 

3̂b 
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.6 

.5 

.4 

.3  

.2  

.1 

0 

c S  

I I 
.1 .2 . 3  . 4 - I 

e 

Figs. 26,27 

.S = 1.8' 
9 5 2.30 
10 
1.8O 2 blader 

B i g r e  26 .-ComTarison of d i f f e ren t  l i f t / d r a g  r a t i o  
curves, the behavior of E f o r  9 = 2.Zo, 

shows tha t  this l a t t e r  rneasnrer?ent i s  n o t  sx i tab le  
f o r  eo': -2ar i  son w i  t'n the theory. 

7- ----, 
1.75 

c S  = 0.086 A 

.02 

.2 . L  .4 .5 
h 

P i p r e  2'7.-Slope o f  lateral force  f o r  B = 1.8'. 

l i f t / d r a g  r a t i o  is a power f u x t i o n  o f  A.  

ri, 

This slope, expressed as a kind o f  
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3.0 

2.5 

2.0 

1.5 

1.0 

.5 

cS 

0 20 40 60 80 
ao 

Figure 28.-Besultant force coef f ic ien t  o f  an 
autogiro from 00 t o  900, compared 

with the simple theory. T'ne f l o w  at t'sle pro- 
p e l l e r  d i sk  breaks dom between 15 and 20°, 
the highest  a t ta ined  nalue of the t o t a l  force 
c o e f f i c i e l t  i s  about 50 percent of the the- 
o r e t i c a l  maximurn. The l e t t e r s  a) t o  c)  r e fe r  
t o  the f l o w  a t t i t u d e s  o f  f i g .  29. 

--. 

Figme 29.-Tlow at autogiro f o r  three d i f f e ren t  
angles of a t tack.  a)  s m a l l  a q l e  o f  

a t t a c k  (up t o  about ZOO) sound f l o w .  b) medium 
angle of a t t ack ,  f l o w  broken down on propel ler  
d i sk  but s t i l l  sound at individual blade, 
e) angle o f  a t t a c k  goo,  symmetrical flow form,  
l a rge  3ead air space a f t  o f  p rope l le r  disk,  but 
f l o x  s t i l l  sound at individual blade. 


